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The submarine canyon of Kaikōura, New Zealand, is a foraging ground for male sperm 
whales (Physeter macrocephalus). The abundance of whales feeding in this area during 
summer has almost halved over the last three decades, for reasons that are unknown. The 
decline may reflect a shift in distribution away from the area, possibly caused by underlying 
oceanographic or ecological changes. It is therefore important to understand what sustains 
the whales’ diet and what environmental factors drive their distribution. First, I examined 
the whales’ food web using stable isotope analyses. Isotope ratios of carbon and nitrogen 
were measured in samples of sloughed whale skin, potential prey and primary producers. 
Generalised additive models suggested that occasional visitors to Kaikōura had more diverse 
and lower isotope ratios than more frequent visitors (by c. -1‰ δ¹³C and -2‰ δ¹⁵N, n = 90), 
likely reflecting a range of foraging areas further south and/or offshore. The ultimate 
contribution of pelagic phytoplankton vs coastal macroalgae to the whales’ food web could 
not be determined precisely, but there was strong support for it being sustained mostly by 
pelagic production. Whales appeared to feed on a mixture of squid and demersal fish, and 
differences in the whales’ isotope ratios between summer and winter suggested seasonal 
variability in diet. Summer food resources were likely to comprise a high proportion of squid. 
Surveys of foraging whales (n = 334) in conjunction with in situ oceanographic sampling (n = 
486) were carried out over three years. I used species-distribution models to investigate the 
topographic and oceanographic characteristics that determine good foraging habitat. 
Physical factors that may contribute to aggregating prey seemed particularly important; 
these included strong thermal stratification in the water column, steep slopes, and slope 
orientations likely to concentrate food resources through the interaction with local currents. 
Habitat preferences differed between summer and winter, consistent with stable isotope 
ratios and previously recorded patterns in diving behaviour, suggesting seasonal 
fluctuations in targeted prey. An evaluation of the overlap between foraging habitat and the 
recently established Hikurangi Marine Reserve suggested little meaningful protection for 
sperm whales from the potential impacts of fishing. The importance of thermal stratification 
for foraging habitat in summer suggested that whales may be susceptible to changes in 
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oceanographic conditions of the ecosystem. I investigated the long-term variability in whale 
abundance during summer in relation to environmental conditions, using abundance 
estimates from 1990–2017 and remotely sensed oceanographic data. Linear models suggested 
that warmer sea temperatures in winter, and lower inputs of Subantarctic water to the south 
of Kaikōura in summer, were correlated with fewer whales foraging in the area, explaining 
59% of inter-annual variability. These correlations may be mediated by indirect effects on 
prey availability, potentially contributing to the decline in whale abundance. Precautionary 
management of anthropogenic activities affecting the whales and their habitat is necessary 
to increase the resilience of the population to climate-driven changes in the ecosystem. This 
is important to ensure the persistence of sperm whales at Kaikōura and protect the canyon 




























  iv 
 
Acknowledgements 
This PhD has been an incredible journey and an experience that I will always treasure. It would 
not have been possible, and no way nearly as enjoyable, without the support from so many 
people. 
First and foremost, a massive thank you to my supervisors: Will Rayment, Steve Dawson, Lucy 
Wing and Liz Slooten. Thanks for the wonderful opportunity that this PhD has been. Will, your 
help and support have been absolutely invaluable. Thank for your endless enthusiasm, thorough 
and constructive feedback, and guidance with just about everything – from boat driving to study 
design, from using common sense in interpreting results to where to get the best blueberry-
custard-buns. There hasn’t been a time when being busy stopped you from helping, and I am 
grateful to have learnt so much from you. Steve, thank you for continuing to be such a dedicated 
and inspiring mentor, for your tremendous support, for teaching me to build hydrophones and 
much more, and for your extensive advice on science and practical matters. Lucy, thank you so 
much for your help with stable isotope ecology, for all the time and effort you’ve dedicated to 
this, and for your detailed feedback. Liz, thanks for your awesome ‘big picture’ advice and 
overall support. 
Thanks to Michael Moore for creating an opportunity for me to meet the sperm whales of 
Kaikōura and participate in the research cruise that led to my starting of this particular PhD.  
For funding this research, I am extremely grateful to Whale Watch Kaikoura (special thanks to 
Roger Williams and Kauahi Ngapora), and also to the New Zealand Whale and Dolphin Trust, 
the Ministry for Primary Industries and the University of Otago. The research vessel Grampus 
and a lot of the research equipment were supplied by the New Zealand Whale and Dolphin Trust, 
without which this project would not have been possible. Thanks also to the University of Otago 
for supporting me during my research with a PhD scholarship. 
For help with fieldwork at Kaikōura I owe a huge debt of gratitude to everyone that generously 
gave their time to join me in the early mornings, long days, pulling and winding of CTDs, and 
generally putting up with me. I’m particularly thankful to Tamlyn Somerford and Will Rayment 
for the fantastic times in the field over multiple seasons. Also huge thanks to: Tom Brough, Sara 
Niksic, Becci Jewell, Rob Lewis, Madda Fumagalli (best quake-adventure-buddy ever!), Liz 
Slooten, Lindsay Wickman, Charlotte Taplin & Elisa Chillingworth (the Jeffries!), Erica Page, Jesu 
  v 
 
Valdés, Megan Shapiro, Toby Dickson and Rebecca Bakker. Big thanks also to Tom Brough and 
Matt Desmond for help with collecting seaweed samples.  
For assistance with logistics back at Otago University, big thanks to Chris Fitzpatrick for solving 
any question to do with finance and admin (and general running of the universe), Kim Hageman 
for welcoming me into her lab to use the ASE machine, and Linn Hoffmann for providing lab 
space, equipment and advice with examining SPOM. Huge thanks to Rob van Hale and Dianne 
Clarke at Iso-Trace. Also Bob Dagg for help with setting up and dealing with the RBR, Daryl 
Coup for help with palmtop computers and IT (Internet Things), and Helen Dunn and JA Parsons 
for general assistance. Thanks also to Reuben Pooley and Linda Groenewegen for seamlessly 
providing the necessary equipment when I didn’t even know what a GF/F filter looked like.  
Many people offered help throughout my thesis. Big thanks to Brian Miller for advice on 
acoustics and for providing the Pamguard plug-in used in Chapter 2. My attempt at 3D 
localisation of whales did not make it through, but it certainly wasn’t from lack of your sharing 
of extensive knowledge. Rob Smith, your advice with oceanography and satellite data has been 
incredibly helpful, thank you truly. Big thanks to Steve Wing for helpful advice on food webs 
and isotopes. Thanks also to Iliana Ruiz-Cooley and Rebecca Guest for advice on isotope analysis, 
Chris Lalas for help with squid-beak identification, Paulo Lagos for krill identification, Christina 
Riesselman for advice on SPOM sampling, and Tim Jowett for stats advice. And to many other 
people who, through a conversation or e-mail, shared their tips and knowledge with me. 
To my sperm whale sister, Tamlyn Somerford: thanks so much for your endless support and for 
sharing a passion for sperm whales, and also for sharing the data on seasonal whale abundance, 
used in Chapter 5. I would also like to thank everyone who worked on the long-term study at 
Kaikōura: especially Steve and Liz, for starting it and running it, Will, for looking after it in the 
last few years, and Natalie Jaquet, Brian Miller, Simon Childerhouse, Miranda van der Linde, 
Leslie Douglas and Abe Growcott for their research contributions.  
Many people helped to make my time at Kaikōura quite special. Huge thanks to the staff and 
crew of Whale Watch Kaikoura, for their friendliness out on the water, their interest in the 
research, and for being true kaitiaki of the Kaikōura sperm whales. Very special thanks to Roger 
Williams for his great support and for the ‘whaley updates’ between field seasons. I am super 
grateful to Ben Cooper for letting me join him and his crew out fishing – thanks for letting a 
‘scientist’ in after I had almost given up hope of getting my mitts on some prey samples. Ben and 
Tracey, thanks so much for your support and for some lovely evenings of great company. Thanks 
  vi 
 
to Murray and Nick at Kaikōura Marine for keeping our boat ship-shape and our truck truck-
shape. Thanks also to Ted & Ailsa, Jody, Ngaire, Bernd & Mel. And to the excellent folks at New 
Zealand Maritime Radio, for keeping a watchful ear on Grampus. 
I would not have come out in one piece from this PhD if it wasn’t for the wonderful support I’ve 
had in Dunedin. Biggest thanks to my friends who are my family and an amazing bunch of 
humans – Olga, Em, Sze-En, Trudi, Manon, Jim, Charles, Will, Madda, Jun, Fatima, Rob, Sorrel, 
Santi, Anna K. And to Emma & Clare, Scott, Rachel, Jen, Diego, Aimee, Rocío, Naomi and Manna, 
who were there at the beginning – Dunedin misses you. I am very lucky to have been surrounded 
by a bunch of fun, super helpful, slightly nuts lab mates. Thanks to Tom, Madda, Eva, Tamlyn, 
Rob, Steph, David, Lindsay, Jesu, Toby, Will C, Rosa, Mick, Chuck and Tony. You rock. Special 
thanks to Eva, for your crucial help with Matlab and superhuman kindness. Thanks also to the 
peeps at Marine Science for the fun morning teas and cheerful atmosphere. 
To my family back in Spain: Mamá, Papá, Chavi y Alicia. I can’t thank you enough for your 
tremendous encouragement, love, and enthusiasm. Your support knows no bounds and gives 
me so much strength. Os quiero muchísimo. También a Toñín y Jose. Y a mis cotufas preferidas: 
Adriana y Alba. Gracias también a mis queridos Bobos y Guerras, os echo de menos cada día. Y 
a Marina, Rodri, Andrea, Sarini y Ana (mi perlika), por estar tan presentes, os quiero. 
A massive thank you goes to the Brough/Cordery/Denham family, for loving me as one of your 
own. Super special mega thanks go to Isla, for your kindness and beautiful nature, and for 
cheerfully going along with our slightly chaotic schedules. Thank you for sharing your time with 
us and bringing us so much fun and joy. I love you. Thanks Ali & James for the great company, 
delicious dinners and always an open door. And Ian, Jenny & Bob, for your beautiful support 
and good times. 
Tom, corazón, I don’t think the dictionary has a big enough word for the thank-you I need to 
express! Thank you so f. much for your inexhaustible support, love and help throughout these 
years. Sharing the PhD journey with you has been so fun, and I wouldn’t have made it without 
your encouragement throughout my ups and downs and waves of panic. Your unfaltering belief 
that I was totally going to make it was confusing but always a source of strength. Now on to our 
next adventure! 
And to Kaikōura, its mountains and its sperm whales, for the magic. 
 
  vii 
 
Table of contents 
 
Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i 
Acknowledgements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv 
List of figures, tables and abbreviations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix 
 
Chapter 1. Introduction 
1.1. Ecological significance of top predators in marine systems  . . . . . . . . . . . . . . . . . . 1 
1.2. Studying foraging ecology of top predators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
1.3. Submarine canyons: hotspots for top predators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
1.4. Sperm whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 
1.5. Sperm whales at Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
1.6. Thesis goals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 
1.7. Thesis structure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
Statement about the data used in this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
Chapter 2. Individual and seasonal variation in the foraging ecology of sperm whales at 
Kaikōura, based on stable isotope analysis  
 2.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
 2.2. Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 
 2.3. Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
 2.4. Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
Chapter 3. Trophic interactions in the Kaikōura Canyon: using stable isotope ratios to 
identify the food resources of sperm whales   
 3.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 
 3.2. Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
 3.3. Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 
 3.4. Discussion    . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 
 
  viii 
 
Chapter 4. Habitat preferences of sperm whales in the Kaikōura Canyon: environmental 
drivers of foraging distribution 
 4.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
 4.2. Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 
 4.3. Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
 4.4. Discussion    . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 
Chapter 5. Long-term variability in abundance of sperm whales at Kaikōura in relation to 
ocean conditions 
 5.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 
 5.2. Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 
 5.3. Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 
 5.4. Discussion    . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 
Chapter 6. Synthesis and conclusions  
 6.1. Summary of findings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 
 6.2. Ecological implications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 
 6.3. Implications for management  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 
 6.4. Future research  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 
 6.5. Concluding remarks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 
Appendices 
 A1. Appendix 1. Supporting figures and tables for chapters 2 and 3  . . . . . . . . . . . . 163 
 A2. Appendix 2. Supporting figures and tables for chapter 4   . . . . . . . . . . . . . . . . . . 171 
 A3. Appendix 3. Supporting figures and tables for chapter 5  . . . . . . . . . . . . . . . . . . 187 
 A4. Appendix 4. Publication associated with this thesis  . . . . . . . . . . . . . . . . . . . . . . 190 





  ix 
 
List of figures 
 
Figure 1.1. Map of the Kaikōura Canyon, New Zealand  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
Figure 1.2. Thesis road map  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .16 
Figure 2.1. Locations of sperm whale skin collection at the Kaikōura Canyon  . . . . . . . . . . .23 
Figure 2.2. Sperm whale skin  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
Figure 2.3. Frequency distributions of the number of seasons (summers and winters) that the 
37 sperm whales included in this analysis were (a) encountered and (b) sampled 
off Kaikōura between Jan-2014 and Jan-2017  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
Figure 2.4. Variation in sperm whale stable isotope ratios with (a) season, (b) sighting 
frequency and (c) body length  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 
Figure 2.5. GAMM smoother functions for the variability in δ¹³C of sperm whales  . . . . . . . 37 
Figure 2.6. GAMM smoother functions for the variability in δ¹⁵N of sperm whales  . . . . . . 39 
Figure 3.1. Locations of samples collected for stable isotope analysis  . . . . . . . . . . . . . . . . . . 53 
Figure 3.2. Isotopic composition of sperm whales, potential prey, krill, and organic matter 
source pools of Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
Figure 3.3. Isotope ratios of candidate primary carbon sources and sperm whales  . . . . . . . 66 
Figure 3.4. δ13C:δ15N correlations of potential food web scenarios  . . . . . . . . . . . . . . . . . . . . . 70 
Figure 3.5. Estimated isotopic signature of the diet mixture of sperm whales in relation to 
their prey  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 
Figure 3.6. Warty squid (Onykia ingens) from Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 
Figure 4.1. Study site around the Kaikōura Canyon, New Zealand  . . . . . . . . . . . . . . . . . . . . 86 
Figure 4.2. Extraction of absence data for SDMs of sperm whales foraging off Kaikōura . . 91 
Figure 4.3. Relative importance indices of habitat variables included in the models to explain 
presence of sperm whales foraging off Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . 101 
Figure 4.4. Effect of habitat variables on sperm whale distribution during summer, estimated 
with the highest-ranking generalised additive model . . . . . . . . . . . . . . . . . . . . . 104 
Figure 4.5. Effect of habitat variables on sperm whale distribution during winter, estimated 
with the highest-ranking generalised additive mixed model  . . . . . . . . . . . . . . . 105 
Figure 4.6. Habitat preferences of sperm whales foraging off Kaikōura during summer . . 107 
  x 
 
Figure 4.7. Habitat preferences of sperm whales foraging off Kaikōura during winter . . . 108 
Figure 5.1. Oceanographic setting of the Kaikōura Canyon . . . . . . . . . . . . . . . . . . . . . . . . . . 121 
Figure 5.2. Locations of data collection for the analysis of correlations between abundance of 
sperm whales off Kaikōura and satellite-derived oceanographic variables  . . . 124 
Figure 5.3. Temporal variability in abundance of sperm whales off Kaikōura, 1990-2017. . .134 
Figure 5.4. Relative importance indices of environmental variables at different time lags, 
derived from models predicting the monthly abundance index of sperm whales 
off Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 
Figure 5.5. Correlation coefficients of environmental variables used as predictors of monthly 
relative abundance of sperm whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 
Figure 5.6. Relative importance indices of environmental variables at different time lags, 
derived from models predicting the summer abundance of sperm whales  . . . 138 
Figure 5.7. Correlation coefficients of environmental variables used as predictors of summer 
abundance of sperm whales at Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 
Figure 5.8. Summertime abundance of sperm whales at Kaikōura 1990-2017  . . . . . . . . . . . 141 
Figure 5.9. Time-series data for the duration of the study (1990-2017) for: (a) SSTA off 
Kaikōura in May-July, and (b) the Mixing Ratio at the Mernoo Saddle (MRMS) 
during Nov-Jan  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 
Figure 6.1. Schematic representation of habitat use by sperm whales foraging at Kaikōura, as 










  xi 
 
List of tables 
 
Table 2.1. Summary of explanatory variables used to describe individual traits of sperm 
whales foraging at Kaikōura . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 
Table 2.2. Summary of samples of sloughed skin from sperm whales off Kaikōura analysed 
for δ¹³C and δ¹⁵N  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
Table 2.3. Within-individual differences in stable isotope ratios of sperm whales  . . . . . . . . 33 
Table 2.4. Correlation between isotopic signatures of sperm whales and sighting frequencies 
at different temporal scales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
Table 2.5. Correlation among explanatory variables used to model the variability in isotope 
ratios of sperm whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
Table 2.6. Model selection of GAMMs to explain intra-population variation of δ¹³C of sperm 
whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 
Table 2.7. Model selection of GAMMs to explain intra-population variation in δ¹⁵N of sperm 
whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
Table 3.1. Measured values of δ15N, δ13C and C:N (mean ± 1 SD) of organisms collected at 
Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
Table 3.2. Seasonal differences in measured values of δ15N, δ13C and C:N of sperm whales 
and primary source pools  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
Table 3.3. Sensitivity analysis in the estimation of (a) relative contribution of SPOM and 
macroalgae to the diet of sperm whales at Kaikōura, and (b) trophic level of sperm 
whales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 
Table 3.4. Seasonal differences in the relative contribution of SPOM vs macroalgae to the diet 
of sperm whales at Kaikōura, and trophic level of sperm whales . . . . . . . . . . . . . 68 
Table 3.5. Isotope ratios of source pools and TDF used in the mixing models to estimate the 
relative contribution of SPOM and macroalgae to the food web of whales . . . . . 68 
Table 4.1. Candidate explanatory variables for the SDMs used to investigate the habitat 
preferences of sperm whales foraging off Kaikōura  . . . . . . . . . . . . . . . . . . . . . . . . 93 
Table 4.2. Summary of survey effort and sperm whale presences and pseudo-absences  . . 100 
  xii 
 
Table 4.3. Model selection of (a) summer GAMs and (b) winter GAMMs used to explain 
presence of sperm whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 
Table 4.4. Smooth terms from (a) summer GAMs and (b) winter GAMMs used to explain 
presence of sperm whales  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 
Table 4.5. Metrics of model performance for the (a) summer GAMs and (b) winter GAMMs 
used to predict habitat suitability for sperm whales  . . . . . . . . . . . . . . . . . . . . . . . 109 
Table 5.1. Temporal scale of response and explanatory variables considered in the time-series 
analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 
Table 5.2. Ranking of LMMs used to explain the monthly relative abundance of sperm whales 
off Kaikōura from 1994 to 2017  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 
Table 5.3. Parameter estimates from LMMs used to model the relationship between monthly 
relative abundance of sperm whales and environmental variables  . . . . . . . . . . . 138 
Table 5.4. Ranking of GLMs used to explain the summer abundance of sperm whales off 
Kaikōura from 1990 to 2017  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 
Table 5.5. Parameter estimates from GLMs used to model the relationship between summer 











  xiii 
 
List of abbreviations 
 
AI – Abundance Index 
AICc – Akaike’s Information Criteria 
adjusted for small sample sizes 
ASE – Accelerated Solvent Extraction 
AUC – Area Under the ROC Curve 
chl-a – Chlorophyll a 
CI – Confidence Intervals 
CV – Coefficient of Variation 
DOC – Department of Conservation (NZ) 
ENSO – El Niño Southern Oscillation 
GAM – Generalised Additive Model 
GAMM – Generalised Additive Mixed 
Model 
GLM – Generalized Linear Model 
GPS – Geographic Positioning System 
IPI – Inter-Pulse Interval 
IRMS – Isotope Ratio Mass Spectrometry 
LMM – Linear Mixed Model 
MMRG – Marine Mammal Research 
Group (University of Otago, NZ) 
MPA – Marine Protected Area 
MPI – Ministry for Primary Industries 
(NZ) 
MR.MS – Mixing Ratio at the Mernoo 
Saddle 
NW – Neritic Water 
NZ – New Zealand 
SAM – Southern Annular Mode 
SAW – Subantarctic surface water 
SD – Standard Deviation 
SDM – Species Distribution Model 
SE – Standard Error 
SF – Sighting Frequency 
SIA – Stable Isotope Analysis 
SOI – Southern Oscillation Index 
SPOM – Suspended Particulate Organic 
Matter 
SSC – Sea Surface Chlorophyll 
SSCA – Sea Surface Chlorophyll 
Anomaly 
SST – Sea Surface Temperature 
SSTA – Sea Surface Temperature 
Anomaly 
STF – Subtropical Front 
STW – Subtropical surface water 
TDF – Trophic Discrimination Factor 
TL – Trophic Level 
TSS – True Skill Statistic 

























1.1. Ecological significance of top predators in marine systems 
For thousands of years, humans have used the ocean for its resources. Over the last century, 
the rate of population growth and technological advancement has increased exponentially, 
and our pressure on the marine environment is unprecedented (Vitousek et al. 1997, Halpern 
et al. 2008, Butchart et al. 2010). The impacts on marine top predators have been particularly 
noticeable, with widespread declines in the abundance of species and ecosystem biodiversity 
(Baum et al. 2003, Myers & Worm 2003, Estes et al. 2006, Estes et al. 2011). Top predators 
(typically marine mammals, seabirds, sharks and large teleost fish) occupy the highest 
trophic level within food webs, playing a key role in the function and structure of marine 
ecosystems (Heithaus et al. 2008, Rosenblatt et al. 2013, Markel & Shurin 2015). They can 
regulate community structure through top-down control and behaviour-mediated 
interactions, as well as increase food web stability (Estes & Duggins 1995, Estes et al. 2001, 
Burkholder et al. 2013). The loss of top predators from marine ecosystems has had far-
reaching effects. In a classic example, the intensive hunting of sea otters in the North Pacific 
rim suppressed predation on sea urchins, with a significant increase in herbivory and the 
consequent loss of kelp habitat (Estes & Palmisano 1974, Simenstad et al. 1978, Estes & 
Duggins 1995). Although the consequences of predator declines on marine food webs are 
not fully understood (Grubbs et al. 2016), the protection of apex predators should be part of 
the solution to safeguard the stability of marine ecosystems.  
Understanding the impact of anthropogenic activities on top predators is valuable, as it 
allows the development of management strategies for the protection of their populations. 
Marine top predators can be directly affected by human-induced mortality through fishing, 
whaling and bycatch (Whitehead et al. 1997, Pauly et al. 1998a, D’Agrosa et al. 2000, Baum 
et al. 2003, Reeves et al. 2013), but also indirectly through alterations to their environment. 
These include changes in prey abundance due to fisheries (Hammond et al. 2013), habitat 
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loss (Würsig & Gailey 2002, Jefferson et al. 2009), ecological impacts of climate change 
(MacLeod 2009, Hazen et al. 2013a), and disturbance from noise pollution and boat traffic 
(Mate et al. 1994, Bejder et al. 2006, Forney et al. 2017). Investigating environmental 
variability within a species’ habitat can help explain trends in population dynamics. For 
example, temperature anomalies can lead to decreased pup production in pinnipeds 
(Forcada et al. 2005, Baker et al. 2007), and fluctuations in oceanographic conditions can 
change the large-scale distribution of cetaceans, introducing variability in the abundance of 
a species within a fixed surveyed region (Forney 2000, Sprogis et al. 2017). 
1.2. Studying foraging ecology of top predators 
For all predators, but especially those with high energy requirements, access to good 
foraging habitat is crucial. This determines body condition, which in marine mammals is 
often linked to migratory capacity, health and reproductive success (Guinet et al. 1998, Brock 
et al. 2013, Pirotta et al. 2018). Knowledge on the food and habitat requirements of top 
predators is therefore essential to understanding the status of their populations. This, in turn, 
is critical for deciding what management strategies are necessary to protect a population and 
ensure its long-term survival. There are two main components in the study of the foraging 
ecology of marine predators: their food web, and the habitat supporting it.  
1.2.1. Marine food webs 
In a simplified depiction of a food web, energy is transferred from primary producers (or 
autotrophs, which use inorganic compounds to produce organic matter) to consumers at 
higher trophic levels (or heterotrophs, including grazers, carnivores and heterotrophic 
microorganisms; Kaiser et al. 2005). Decomposers (including microbial organisms and 
scavengers) contribute to the recycling of organic matter, making inorganic material 
available to primary producers (Azam et al. 1993, Kaiser et al. 2005). Due to the energy lost 
with increasing trophic level (through movement, waste and heat), the total energy required 
to support an organism increases with its trophic level (Lindeman 1942, Hussey et al. 2014). 
The sources of organic carbon for marine food webs are provided by primary producers. 
Pelagic phytoplankton (including microalgae and bacteria) and coastal macroalgae are the 
most common sources in temperate ecosystems, with other sources including seagrass, 
mangroves, chemoautotrophic organisms and terrestrial plant input (Kaiser et al. 2005). 
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The high diversity of organisms and habitats in the marine environment, make marine food 
webs different to those in freshwater and terrestrial systems. Marine food webs typically 
have higher connectivity (i.e. high number of inter-species links) and longer chain lengths 
(i.e. number of links between primary producers and top predators; Cohen 1994, Link 2002, 
Dunne et al. 2004). While high complexity promotes increased stability in food webs, effects 
of perturbations can be transmitted rapidly and widely through marine ecosystems 
(Williams et al. 2002, Dunne et al. 2004). Marine taxa at high trophic levels tend to have 
particularly high connectivity (Rooney et al. 2006), with intensive exploitation of top 
predators impacting the structure and robustness of marine food webs (Pauly et al. 1998a, 
Jackson et al. 2001).  
1.2.2. Studying food webs 
To understand what energy resources are important for a predator it is necessary to identify 
their prey as well as the primary producers that sustain their food web. Traditional dietary 
studies of marine mammals have used direct field observations (e.g. Bräger 1998), scat 
analysis (e.g. Treacy & Crawford 1981) and the examination of stomach contents (e.g., Santos 
et al. 1999, Evans & Hindell 2004). These methods can give valuable information on diet 
composition and feeding habits (Pierce & Boyle 1991, Smith & Whitehead 2000), but provide 
little insight into the base of the food web and are not always suitable. In the case of sperm 
whales (Physeter macrocephalus), in particular, traditional methods offer limited knowledge. 
Faecal plumes do not give a representative sample of prey items (Smith & Whitehead 2000), 
field observations are impractical because sperm whales feed at depth, and opportunities for 
examination of stomach contents are uncommon because sperm whales rarely strand. More 
recently, the use of biochemical tracers that are transferred from prey to a predator’s tissues 
during metabolism has greatly advanced our ability to study foraging ecology (Hobson et 
al. 1994, Budge et al. 2006, Fry 2006, Newsome et al. 2010a). Predators integrate biochemical 
tracers (such as stable isotopes, fatty acids and organic pollutants) acquired from their diet, 
which reflect both the prey consumed and the regions from which they were taken. These 
natural biomarkers can be used to trace energy from food sources to consumers (Iverson et 
al. 2004, Budge et al. 2006, Krahn et al. 2007, Newsome et al. 2010a).  
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Stable isotopes have been used to address a wide range of ecological questions, including 
predator-prey relationships, pathways of organic matter through food webs, and movement 
patterns (DeNiro & Epstein 1978, 1981, Peterson & Fry 1987, Fry 2006, Newsome et al. 2010a). 
The most commonly used isotope ratios are those of carbon (¹³C:¹²C, expressed as δ¹³C) and 
nitrogen (¹⁵N:¹⁴N, or δ¹⁵N). The natural abundances of heavy to light isotopes differ among 
primary producers, due to the differences in isotope ratios of their external environment, 
physiology and metabolism (Rau et al. 1982, Peterson & Fry 1987). This variability exists 
between types of primary producers (e.g., macroalgae vs phytoplankton) and spatially (e.g., 
with latitude or distance to land). For example, phytoplankton with high growth rates from 
productive nearshore regions are associated with higher δ¹³C values, compared to 
phytoplankton with slower growth rates further offshore (Goericke & Fry 1994, Graham et 
al. 2010). The difference in isotope ratios among  primary producers allows the tracking of 
these sources into higher trophic levels. 
When a consumer ingests food, the heavier isotopes are assimilated into tissue at faster rates, 
leading to increases in the stable isotope ratios of their tissues (Fry 2006). This process is 
termed ‘fractionation’, and the change in isotopic values from diet to consumer is referred to 
as ‘trophic discrimination’ or ‘isotopic shift’ (Peterson & Fry 1987, Fry 2006). Values of δ¹³C 
change little (0.5 – 1‰) as carbon is passed up the food chain, providing a way to identify 
which primary producers support a consumer – either directly or indirectly (De Niro & 
Epstein 1978, Peterson & Howarth 1987). Values of δ¹⁵N change more substantially with each 
trophic step, increasing by 2 – 4‰ with every step in the food web (DeNiro & Epstein 1981, 
Caut et al. 2009). Thus, δ¹⁵N is useful for estimating the trophic position of a consumer (Post 
2002). Together, analyses of δ¹³C and δ¹⁵N are a powerful tool to determine predator-prey 
relationships and trace energy transfer through food webs. For example, the comparison of 
stable isotopes in the skin of dolphins to those in potential prey and primary producers in a 
fiord, determined the importance of local rocky reefs vs external pelagic subsidies to the 
dolphins (Lusseau & Wing 2006). Stable isotope analyses have also been used to identify the 
indirect but substantial contribution of kelp-derived carbon for pelagic predatory fish in 
nearshore ecosystems (Koenings et al. 2015, Markel & Shurin 2015, von Biela et al. 2016). In 
addition, because δ¹³C and δ¹⁵N of primary producers vary spatially, isotope ratios can 
provide insights into the regions where top predators forage (Hobson et al. 1997, Graham et 
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al. 2010, Lorrain et al. 2015). For example, isotopic values in penguins indicated that two 
sympatric sub-populations used different foraging habitats across an inshore-offshore 
gradient (Cherel & Hobson 2007).  
Stable isotope analyses of carbon and nitrogen in bulk tissue do not always yield clear 
outcomes; complementary methods are increasingly used to improve resolution. Isotope 
ratios of sulphur (³⁴S:³²S) can help resolve the contribution of organic sources to consumers, 
such as distinguishing between benthic and pelagic sources or the contribution of 
chemosynthetic biomass (MacAvoy et al. 2002, Connolly et al. 2004). Fatty acid analyses can 
also be used to investigate diet and trace the sources of primary production in a food web 
(e.g., Hooker et al. 2001, MacLeod & Wing 2007). This method is based on the natural 
variability in fatty acid composition among primary consumers and the lack of modification 
in fatty acids as these are incorporated into a consumer’s diet (Budge et al. 2006). Fatty acid 
analyses require samples with high lipid content, such as blubber, which cannot easily be 
obtained from free-ranging predators. Another approach is the stable isotope analysis of 
specific compounds, such as amino acids (McClelland & Montoya 2002, Ohkouchi et al. 
2017). In contrast to bulk tissue, which contains molecules with different origins and 
metabolisms, analysis of individual amino acids can increase specificity (Popp et al. 2007, 
Zupcic-Moore et al. 2017). This technique can address some of the limitations of bulk tissue 
isotope analysis, but requires larger samples, is substantially more expensive and 
analytically complex. 
1.2.3. Stable isotope analysis: assumptions, strengths and limitations 
Ecological interpretations of stable isotope data require information of two main sources of 
isotopic variation: (1) the transformation of isotope ratios as a food source is assimilated into 
the tissues of a consumer (‘trophic discrimination’), and (2) the time taken for the isotopic 
value of diet to be integrated into the tissues of a consumer (‘turnover time’; Fry 2006). These 
values can vary widely among species, individuals, tissues and diets (Vanderklift & Ponsard 
2003, Newsome et al. 2010a), and are difficult to measure in the wild, especially in the case 
of large and mobile marine predators. When the values of trophic discrimination and 
turnover times are unknown, they are typically assumed based on values in similar taxa. 
These assumptions are a source of uncertainty in stable isotope studies. 
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When the isotopic signatures of potential prey or primary organic sources are known, 
‘mixing models’ (Phillips & Gregg 2001, Phillips 2012), can estimate their relative 
contribution (or mix) to a predator’s diet. However, an important limitation to this approach 
is that it cannot identify the contributions of different prey, unless the suite of potential prey 
is known (Newsome et al. 2010a). Furthermore, the isotope ratios of food sources need to be 
isotopically distinct, a requirement which is not always met. In spite of these caveats, stable 
isotope analysis is a powerful tool, and has some key advantages over other methods used 
to study trophic ecology. Compared to stomach contents analysis, it allows for continued 
study of live animals, and provides measurements of food assimilated over time, not just 
recent food uptake (Pierce & Boyle 1991). In the case of cetaceans, the use of sloughed skin 
(e.g., Marcoux et al. 2007) provides a non-invasive source of samples for analysis, averting 
the use of techniques such as biopsy sampling.  
1.2.3. Habitat selection by marine top predators 
The preference for particular habitats leads animals to have uneven distributions throughout 
their range (Hall et al. 1997). Information on where a species is found and what are its habitat 
requirements is central to understanding its ecology, but is also useful to assess the overlap 
with anthropogenic impacts, prioritise areas for protection, and guide conservation 
strategies (Bailey & Thompson 2009, Embling et al. 2010, Becker et al. 2012).  
Prey availability is one of the main factors determining the distribution of marine mammal 
top predators (Benoit-Bird & Au 2003, Hastie et al. 2004, Friedlaender et al. 2006, Hazen et 
al. 2011). In turn, environmental characteristics, such as primary productivity, topography, 
oceanic fronts, and seawater properties, influence prey availability and can thus correlate 
with habitat selection (Yen et al. 2004, Croll et al. 2005, Torres et al. 2008, Forney et al. 2015). 
Intrinsic biological factors, such as physiology, sex, or breeding status, can also influence 
habitat choice, and hence the distribution of a population (Leung et al. 2012, Rayment et al. 
2014).  
Species-distribution models are a useful way to quantify the habitat preferences of a species 
(Guisan & Zimmermann 2006) and are widely used in ecological studies of cetaceans 
(Redfern et al. 2006, Pirotta et al. 2011, Forney et al. 2012). By relating the locations of 
individuals to the characteristics of their habitat, the models quantify the relative importance 
Chapter 1 - Introduction  7 
of different environmental variables in determining the spatial distribution of a species 
(Guisan & Zimmermann 2000, Redfern et al. 2006).  
The diet of marine mammals can vary seasonally according to the availability and 
distribution of their prey (e.g., Similä et al. 1996, Hall-Aspland et al. 2005). This, in turn, 
determines their seasonal movements and foraging distribution (Jaquet et al. 2000, Andrews 
& Harvey 2013). Thus, studies of habitat use greatly benefit from examining foraging 
patterns at a seasonal scale (Becker et al. 2014). At a longer time-scale, fluctuations in ocean 
conditions can change food availability, which can impact foraging patterns, breeding 
success and population dynamics of top predators (Smith & Whitehead 1993, Xavier et al. 
2013, Bost et al. 2014, Sprogis et al. 2017). For example, high sea-surface-temperature 
anomalies due to El Niño Southern Oscillation around South Georgia correlated with 
extreme lows in pup production of Antarctic fur seals, thought to be mediated by a decline 
in krill abundance (Forcada et al. 2005). Identifying the inter-annual variation in habitat use 
helps us understand how populations respond to environmental variability and 
anthropogenic activities (Forney 2000, Rolland et al. 2009). 
1.3. Submarine canyons: hotspots for top predators 
Although many top predators are highly mobile species with wide ranges, their distribution 
in the world’s oceans is not homogenous: there are ‘hotspot’ habitats where diversity and 
abundance are particularly high (Worm et al. 2005, Hazen et al. 2013b). Submarine canyons 
are one such place, providing key habitat for many cetacean species (Yen et al. 2004, Vetter 
et al. 2010, Moors-Murphy 2014). This association seems particularly strong for sperm 
whales and beaked whales (family Ziphiidae) (Whitehead et al. 1992, Jaquet et al. 2000, 
MacLeod & Zurr 2005, Johnson et al. 2016), deep-diving predators that specialise in hunting 
deep-water squid and fish. Although the association is clearly driven by high food 
availability (Moors-Murphy 2014), the mechanisms behind this relationship are poorly 
understood. 
Submarine canyons are steep-walled valleys that connect shallow continental shelves to 
deep ocean basins (Shepard and Dill 1966), and are often characterised by high productivity 
and habitat heterogeneity (Vetter 1994, McClain & Barry 2010). Research in the last two 
decades has shown that the function and biodiversity of submarine canyon ecosystems can 
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be seriously impacted by anthropogenic activities, such as fishing, pollution and extraction 
of oil and gas (Danovaro et al. 2008, Ramirez-Llodra et al. 2010, Fernandez-Arcaya et al. 
2017). In particular, there is growing concern that the effects of climate change will modify 
the hydrography of canyons, with consequent impacts on their biological communities 
(Levin & Le Bris 2015). To ensure the long-term health of canyon ecosystems and the top 
predators they support, it is important to maximise their protection from anthropogenic 
disturbance and manage their resources in a sustainable way. This requires a robust 
understanding of the ecological communities within them, and knowledge on how they are 
affected by changes in their environment (Worm et al. 2006, Fernandez-Arcaya et al. 2017). 
1.4. Sperm whales 
The sperm whale (Physeter macrocephalus, L. 1758) belongs to the order of cetaceans, suborder 
odontocetes – the toothed whales, dolphins and porpoises, all of which use echolocation for 
foraging and navigating their surroundings (Norris & Harvey 1972, Au 1993). Sperm whales 
are animals of extremes. They are the largest odontocete, own the world’s largest nose, 
produce the loudest biological sounds, and perform some of the deepest and longest dives 
(Cranford 1999, Møhl et al. 2003, Whitehead 2017). These traits reflect highly specialised 
anatomical and physiological adaptations, which have allowed sperm whales to become 
very successful deep-diving predators. Using a specialised nasal complex, they produce 
loud, broadband ‘click’ sounds (Goold & Jones 1995) used for short and long-range 
echolocation (Møhl et al. 2000, Fais et al. 2015), as well as communication (Weilgart & 
Whitehead 1993). Foraging dives typically last 40-60 minutes and reach depths of 400-1200 
m, although sperm whales occasionally hunt at shallow depths and can dive deeper than 
2000 m (Watkins et al. 1993, Watwood et al. 2006, Teloni et al. 2008, Miller et al. 2013a).  
Sperm whales are widely distributed throughout the deep waters of both hemispheres (Rice 
1989). They are concentrated in ‘grounds’ that are typically areas of high productivity (Jaquet 
& Whitehead 1996, Jaquet et al. 1996). At a broad scale, sperm whale distribution is often 
associated with steep topography, such as the edges of continental shelves and submarine 
canyons (Whitehead et al. 1992, Jaquet et al. 2000, Pirotta et al. 2011), or with dynamic 
oceanographic features, such as frontal zones and eddies (Griffin 1999, Gannier & Praca 2007, 
Wong & Whitehead 2014). The spatial distribution of males and females is starkly different. 
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Females and calves live in nursery groups closer to the tropics, between latitudes of 50°N 
and 40°S (Rice 1989, Whitehead 2003). Males disperse from their natal groups at the age of 
6-10 years, and migrate to higher latitudes, apparently seeking more productive feeding 
grounds (Best 1979, Rice 1989, Mendes et al. 2007a, b). Adult males return periodically to 
warmer latitudes to breed from around 25 years of age (Lockyer 1989, Whitehead 2017), but 
these visits are short compared to the time spent in feeding grounds (Mendes et al. 2007a).  
Sperm whales have strong sexual dimorphism in size and sociality, in addition to 
distribution. Adult females typically weigh 15 tons and reach 11 m in length, while mature 
males weigh about 45 tons and measure 16 m long, sometimes reaching up to 18 m (Rice 
1989). In addition, while females and their calves live in tight social groups (Whitehead 2003, 
Coakes & Whitehead 2004), males tend to be solitary. When they leave their nursery group 
they form loose ‘bachelor schools’, and as they age and range to colder latitudes their 
aggregations become smaller, with the largest males usually found alone (Christal & 
Whitehead 1997, Whitehead 2017).  
Sperm whales are top predators of mesopelagic1 ecosystems in the deep ocean. Information 
on the diet of sperm whales is limited, with most knowledge coming from the examination 
of hunted and stranded animals. Stomach content analyses indicate that their primary prey 
are mesopelagic and bathypelagic squid (Okutani & Nemoto 1964, Rice 1989, Santos et al. 
1999). In some high-latitude regions, however, demersal fish contribute significantly to their 
diet (Kawakami 1980, Martin & Clarke 1986, Rice 1989). Diet composition appears to vary 
according to sex and age, as well as among regions, seasons and years (Clarke et al. 1993, 
Best 1999, Ruiz-Cooley et al. 2012). Adult males have very high energy requirements, and 
are thought to eat 1-2 tonnes of food a day (Clarke 1977, Lockyer 1981).  
Multiple studies have investigated the drivers of sperm whale distribution around the world 
(e.g., Whitehead et al. 1992, Jaquet & Gendron 1992, Praca et al. 2009, Pirotta et al. 2011). 
Although the species is generally associated with deep water and steep topographic features, 
the characteristics of their preferred foraging habitat are highly variable. A lot of this 
                                                          
1 The following terms are used throughout this thesis to refer to vertical strata in the ocean and organisms 
found therein: ‘pelagic’ refers to the water column in the open ocean; ‘demersal’ relates to the layer in 
proximity to the seafloor; ‘benthic’ relates to organisms living at or in the seafloor; ‘benthopelagic’ refers to 
organisms that move between benthic and pelagic strata; ‘mesopelagic’ refers to intermediate depths in the 
water column (c. 200 – 1000 m); ‘bathypelagic’ refers to depths in the water column of c. 1000 – 3000 m. 
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apparent variability stems from the different spatial and temporal scales at which the 
relationships are examined (Jaquet 1996). Understanding the key influences on sperm whale 
distribution is challenging due to their large home-ranges, deep-water feeding habits, 
dynamic environment, and limited knowledge concerning their prey (Jaquet 1996). In 
addition, their high trophic level means that temporal and spatial lags between primary 
productivity and sperm whale occurrence can be large (Jaquet 1996).  
Sperm whales are currently listed as ‘vulnerable’ by the International Union for the 
Conservation of Nature (Taylor et al. 2008, IUCN 2017). This conservation status is mainly 
due to the global decline caused by whaling during the 19th and 20th centuries (Whitehead 
2002). Sperm whales have extremely low rates of population growth (at a maximum of 1% 
per year, Whitehead 2002); although commercial whaling has stopped, its flow-on effects 
still linger. Despite decades of protection, most heavily exploited sperm whale populations 
are not recovering (Whitehead et al. 1997, Whitehead 2003, Reeves & Notarbartolo Di Sciara 
2006, Carroll et al. 2014) and some are in decline (Whitehead et al. 1997, Notarbartolo Di 
Sciara 2014, Gero & Whitehead 2016). Anthropogenic stressors that may hinder recovery 
include entanglement in fishing gear (Barlow & Cameron 2003, Hucke-Gaete et al. 2004, 
Reeves et al. 2013, Rendell & Franzis 2016), ecological impacts from fisheries (Trites et al. 
1997), climate change (Cantor et al. 2017), seismic exploration (Bowles et al. 1994, Farmer et 
al. 2018), tourism disturbance (Richter et al. 2006), collisions with ships (Carrillo & Ritter 
2010, Fais et al. 2016), toxic contaminants (Nielsen et al. 2000, Pinzone et al. 2015) and 
ingestion of debris and plastic (Jacobsen et al. 2010, Unger et al. 2016). The effects of these 
anthropogenic impacts are poorly understood at a population level.  
1.5. Sperm whales at Kaikōura 
The Kaikōura Canyon (-42.5 S, 173.7 E) is located off the east coast of New Zealand’s South 
Island (Figure 1.1). It has been described as the most productive non-chemosynthetic habitat 
recorded to date in the deep ocean (De Leo et al. 2010). The canyon harbours an exceptional 
biomass of demersal fish and benthic invertebrates (De Leo et al. 2010, Leduc et al. 2012, 
2014). This richness is probably derived from the high primary productivity in waters above 
the canyon, and potentially increased by macrophyte detritus exported from the coast (De 
Leo et al. 2010, Leduc et al. 2012, 2014), although these mechanisms remain untested. 
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Furthermore, the presence of many top-predators that target mesopelagic prey (Benoit-Bird 
et al. 2004, Boren et al. 2006, Miller et al. 2013a) suggests that the canyon hosts a highly 
productive pelagic system. Surprisingly for such an accessible system, the drivers of the high 
productivity in the Kaikōura Canyon are unknown, and the reasons behind the habitat’s 
importance to marine megafauna remain to be studied. 
 
Figure 1.1. The Kaikōura Canyon. The research area for sperm whale surveys is indicated by the 
broken red line. The Kaikōura Marine Management Area includes a no-take marine reserve 
(Hikurangi Marine Reserve, in green), and a whale sanctuary (Te Rohe o Te Whānau Puha, in yellow) 
where seismic surveying is restricted.  Depth contours show 250, 500, 1000, 1500 and 2000 m isobaths. 
 
Kaikōura is one of a few places worldwide where sperm whales can be found near-shore. 
The canyon is a foraging ground for bachelor and mature males (Childerhouse et al. 1995, 
Growcott et al. 2011). The whales have an important cultural value as taonga (‘treasure’) 
species, and are a key natural asset for the local tourism industry, which is the main driver 
of the economy at Kaikōura (Curtin 2003). The population has been studied since 1990 by 
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the Marine Mammal Research Group of the University of Otago (MMRG), with studies 
focusing on population abundance and dynamics (Childerhouse et al. 1995, van der Linde 
2009, Somerford 2018), size estimation and growth rates (Dawson et al. 1995, Rhinelander & 
Dawson 2004, Growcott et al. 2011, Miller et al. 2013b), acoustic and diving behaviour (Jaquet 
et al. 2000, 2001, Douglas et al. 2005, Miller et al. 2013a, Guerra et al. 2017) and the effects of 
whale-watching tourism (Richter et al. 2006). Fieldwork has typically been carried out in 
summer and winter. Sperm whales can be found at Kaikōura almost year-round, except for 
a few weeks in spring (September/October; MMRG unpublished data, Sagnol et al. 2014a). 
The whales have a wide range of residency rates (Childerhouse et al. 1995, Jaquet et al. 2000) 
and distributions (MMRG unpublished data), suggesting potential differences in habitat use 
among individuals. 
The abundance of sperm whales within the study area has declined over the duration of the 
28-year study, from 89 individuals (95% CI: 60 to 131) in 1991 to 40 (95% CI: 33 to 49) in 2017 
(van der Linde 2009, Somerford 2018). The reasons for this change are unknown, but the 
trend is driven by a decrease in the number of whales visiting Kaikōura in spring and 
summer (Somerford 2018), and there appears to have been a decline in the daily density of 
whales year-round (Sagnol et al. 2014a, MMRG unpublished data). With no evidence for 
impacts on survival (Somerford 2018), and considering the large ranges of sperm whales 
(Whitehead et al. 2008), the decline probably reflects a shift in distribution away from the 
study area. For example, whales may be favouring areas further offshore, or changing how 
often, or for how long, they visit Kaikōura. This could be caused by underlying ecological or 
oceanographic changes that affect the availability of their prey, or by human activities in the 
area (such as tourism and fishing). Although the sperm whales of Kaikōura are well studied, 
their foraging ecology is poorly understood. With the canyon functioning as a foraging 
hotspot for the population, it is important to better understand what sustains the whales’ 
diet and the environmental features that drive their distribution.  
Most of what is known about the diet of sperm whales in New Zealand comes from one 
study. Gaskin & Cawthorn (1967) examined the stomach contents of sperm whales caught in 
the wider Cook Strait/Kaikōura area. Their analysis showed that their main prey was 
Onychoteuthid squid (known as warty squid), but that demersal fish made up an unusually 
high proportion of their diet. Sperm whales off Kaikōura forage throughout the water 
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column, targeting pelagic and demersal habitats (Miller et al. 2013a, Guerra et al. 2017). The 
frequency of demersal foraging at Kaikōura is higher than that reported in any previous 
studies, suggesting that the extreme benthic productivity of the canyon might be reflected in 
their prey preferences (Guerra et al. 2017). What sperm whales are eating in the Kaikōura 
Canyon, specifically, remains unknown. 
The spatial distribution of sperm whales over the Kaikōura Canyon is not homogenous 
(Jaquet et al. 2000). Significant differences in the spatial distribution and diving behaviour 
between summer and winter suggest that the whales may change their diet in response to 
changes in prey availability and distribution (Jaquet et al. 2000). While underwater 
topography plays a role in shaping the whales’ distribution (Jaquet et al. 2000, Sagnol et al. 
2014b), there have been no published studies addressing the influence of oceanographic 
factors on the whales’ habitat preferences. 
The influence of environmental fluctuations on sperm whales at Kaikōura has not been 
investigated. It is possible that changes in oceanographic conditions over the last few 
decades have affected prey availability or impacted the primary organic sources at the base 
of the whales’ food web. Oceanic squid, for example, are restricted to relatively narrow 
temperature ranges (Jackson et al. 2000), making them sensitive to climate variability. Ocean 
warming in southeast New Zealand over the last 50 years (Shears & Bowen 2017) may have 
affected the distribution of squid and influenced other ecosystem processes. Quantifying 
environmental change may help explain the observed decline in the number of sperm whales 
foraging in the area. Thanks to the long-term dataset of individual sightings recorded since 
1990 it is possible to estimate population trends over decades. This allows examination of 
long-term correlations between oceanographic conditions and whale abundance.  
The Kaikōura Marine Management Area was established in October 2014, centred over the 
Kaikōura Canyon (Fig. 1.1). The management area includes a no-take marine reserve (the 
‘Hikurangi Marine Reserve’) and a whale sanctuary (‘Te Rohe o Te Whānau Puha’), where 
seismic surveying activity is restricted (DOC 2014). Although marine reserves can provide 
significant conservation benefits (Baum et al. 2003, Halpern 2003), the effectiveness of the 
Hikurangi Marine Reserve in protecting the canyon ecosystem is uncertain. It is extremely 
narrow in some parts (e.g., 1.95 km wide where it joins the coastline), and has a complex 
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shape, with boundaries adjusted to accommodate fishing interests. The value of the reserve 
in protecting the sperm whale population remains unknown. 
1.6.Thesis goals 
The primary motivation for this research was to understand the decline in the number of 
sperm whales foraging in and around the Kaikōura Canyon over the last three decades. The 
drivers of this change are unknown, preventing development of protection measures. With 
this thesis I aimed to identify the food resources and environmental drivers of distribution 
for sperm whales at Kaikōura, in order to better understand their habitat requirements. 
Given that the decline is apparent in summer, I examined the whales’ foraging ecology 
within a seasonal context. A range of methods, including stable isotope analyses, species-
habitat surveys and oceanographic sampling, were used to address the thesis objectives. My 
specific research goals were to:  
(1) Investigate the food resources utilised by sperm whales foraging at Kaikōura: 
- What are the primary carbon sources sustaining the whales’ food web? 
- What can we learn about the contribution of different prey groups to the whales’ diet 
using stable isotope analyses? 
- How does diet vary seasonally? 
- Is there individual variability in the use of food resources? 
(2) Identify the whales’ habitat preferences: 
- What are the environmental drivers of foraging distribution at Kaikōura? 
- What are the characteristics of the whales’ preferred habitat? 
- What is the spatial overlap between foraging habitat and the current MPA? 
(3) Investigate the role of environmental change in the decline of whale numbers: 
- Is inter-annual variability in ocean conditions correlated with whale abundance? 
- Could long-term changes in the whales’ habitat be contributing to their decline? 
I used this information to propose conservation measures that would contribute to the 
protection of sperm whales and their habitat at Kaikōura. In a wider ecological context, I 
aimed to improve our understanding of how submarine canyons provide important habitat 
for marine top predators. 
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1.7. Thesis structure  
In the first two chapters, I describe the use of stable isotope analyses to investigate the food 
web of sperm whales at Kaikōura. In Chapter 2, I examine variability in stable isotope 
signatures of sperm whales by analysing seasonal patterns in diet and differences among 
individuals according to their residency rates and body size. In Chapter 3, I assess the 
whales’ stable isotope signatures in a food web context, to determine the relative 
contribution of pelagic primary production relative to coastal macroalgae to the food web 
sustaining sperm whales at Kaikōura. In this chapter, I also explore the contribution of fish 
and squid to the whales’ diet. In Chapter 4, I use sightings of foraging sperm whales and 
habitat characteristics (including topographic and in situ oceanographic data) to create 
species-distribution models. These models quantify the spatial distribution of sperm whales 
and establish the environmental drivers of habitat preferences in summer and winter. I also 
examine the overlap between the Hikurangi Marine Reserve and foraging habitat. Chapter 
5 is an exploratory analysis of the long-term correlations between sperm whale abundance 
and ocean conditions around the Kaikōura Canyon over the last 28 years. In this chapter, 
climatic indices and remotely sensed oceanographic data are used to quantify the inter-
annual variability in the whales’ environment, and identify potential environmental factors 
contributing to the decline in the number of whales using the area. Lastly, Chapter 6 is a 
general discussion in which the conclusions from the previous chapters are brought together, 
and I outline recommendations for the management of sperm whales at Kaikōura. This 
structure is represented graphically in Fig. 1.2. 
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Figure 1.2. Thesis road map. 
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Statement about the data used in this thesis  
 
This thesis is part of the long-term study of sperm whales at Kaikōura carried out by the 
Marine Mammal Research Group (MMRG), which started in 1990. The research group is led 
by Steve Dawson, Liz Slooten and Will Rayment (University of Otago). My research draws 
from, and builds on, this study.  
I personally gathered the data used in this thesis, with one exception: the long-term series of 
whale abundance estimates (1990-2017). In Chapter 5, I present a time-series analysis which 
examines the correlation between abundance of sperm whales at Kaikōura and 
environmental variability. I use two variables to describe whale abundance: (i) relative 
abundance for each month, based on photo-ID sightings, and (ii) seasonal abundance 
estimated for each summer (‘summertime abundance’), based on photo-ID capture-
recapture analyses. The long-term database of whale sightings necessary to calculate these 
variables is held and owned by the MMRG. The estimates of summertime abundance were 
calculated by Tamlyn Somerford for her MSc thesis at the University of Otago (Somerford 
2018), working under the supervision of Rayment, Dawson and Slooten, and alongside me 
in the field. I have used these estimates as a response variable in the analyses of Chapter 5, 
with the permission of Somerford and her supervisors. Both Somerford and I have 
contributed to the long-term dataset by collecting sighting and photo-identification data, and 
by matching fluke photographs to the Kaikōura photo-ID catalogue. My contribution spans 
from 2014 to 2018. With the exception of summertime abundance estimation, I carried out all 
analyses presented in this thesis (including the calculation of relative abundance of sperm 
whales per month). I aim to adapt Chapter 5 into a manuscript for publication in a peer-
reviewed journal, in which Somerford, Rayment, Dawson and Slooten will be co-authors. 
My involvement with sperm whale research at Kaikōura began in 2013, with a research 
cruise led my Michael Moore (Woods Hole Oceanographic Institute) in collaboration with 
the MMRG. One of the objectives of the research was to study the whales’ diving behaviour. 
During my PhD, I used some of the data collected during the cruise to investigate the whales’ 
foraging behaviour. This led to the publication ‘Diverse foraging strategies by a marine top 
predator: sperm whales exploit pelagic and demersal habitats in the Kaikōura Canyon’ 
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(Guerra et al. 2017, included in Appendix 4). This study helped to address some of the 
questions posed in this thesis. 
On the 14th November 2016, a 7.8 magnitude earthquake affected Kaikōura. Some of the data 
collected throughout this PhD, in addition to data from the long-term database held by the 
MMRG, were used in a study to assess the potential impacts of the Kaikōura Earthquake on 
sperm whales (Guerra et al. 2018). The report compared data from before (Jan 2014 – Nov 
2016) and after (Dec 2016 – Jan 2018) the earthquake. This study was presented in a report 
for Fisheries New Zealand (formerly known as Ministry for Primary Industries), and 
reviewed by the Aquatic Environment Working Group. Specifically, this report included 
long-term data on seasonal abundance of whales (1990-2017), as well as shorter-term data on 
stable isotope ratios of sperm whale skin, spatial distribution of whales, and acoustic and 
surface behaviour (2014-2018). The report is available on request from Fisheries New 
Zealand (richard.ford@mpi.govt.nz)  or from myself directly (marta.guerra@otago.ac.nz). 
 
Chapter 2.  
Individual and seasonal variation in the foraging ecology of 
sperm whales at Kaikōura, based on stable isotope analysis  
 
 
2.1.  Introduction 
Despite the connectedness of marine ecosystems, food resources are heterogeneously 
distributed over a wide range of spatial and temporal scales (Levin & Dayton 2009). This has 
important consequences for how consumers use their habitat, as it is a key influence on their 
distribution and foraging behaviour (Ito et al. 2009, Benoit-Bird et al. 2013, Kuhn et al. 2015). 
Traditionally, resource use has been investigated at the species or population level, but more 
recently it has been shown that variability among individuals plays an important role in 
shaping ecological communities (Bolnick et al. 2003, Matich et al. 2011, Kernaléguen et al. 
2015, Samarra et al. 2017). In this context, individuals sharing an environment can differ in 
their foraging patterns by targeting different habitats or prey. Diversity in foraging strategies 
among conspecifics can influence population stability, social interactions, and food web 
structure (Bolnick et al. 2011, Schreiber et al. 2011). Investigating individual variation in 
foraging ecology can be helpful for understanding the population dynamics of marine top 
predators and their food webs (Schreiber et al. 2011). 
The feeding habits of many marine top predators vary seasonally with the availability of 
food resources (Similä et al. 1996, Hall-Aspland et al. 2005, O’Toole et al. 2015). Knowledge 
of such variability is useful for understanding seasonal changes in predator distribution, 
their ecological role, and their overlap with anthropogenic impacts (Chilvers et al. 2003, 
Matich & Heithaus 2014). Sperm whales are deep-diving predators, specialised in hunting 
squid and fish (Okutani & Nemoto 1964, Gaskin & Cawthorn 1967, Martin & Clarke 1986). 
Very little is known about the seasonality of their diet, but analyses of stomach contents 
suggest that some prey are preferentially targeted at certain times of the year (Gaskin & 
Cawthorn 1967, Best 1999).  
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The Kaikōura Canyon is a foraging ground for male sperm whales (Childerhouse et al. 1995). 
The decline in abundance over the last three decades is driven by a decrease in the number 
of whales visiting the area during spring and summer (Somerford 2018). This highlights the 
urgency to better understand the trophic dynamics of the population and its seasonal 
variability. The spatial distribution and diving behaviour of the whales differ between 
summer and winter (Jaquet et al. 2000). It has been proposed that this is driven by 
fluctuations in prey availability (Jaquet et al. 2000); however, seasonal variations in diet have 
never been directly addressed.  
Sperm whales at Kaikōura have a wide range of residency patterns. Some individuals are 
seen once or twice over a season, while others spend months at a time foraging at Kaikōura 
(Jaquet et al. 2000). On a longer time-scale, some whales have been seen only once over the 
duration of the 28-year study, while others have been re-sighted consistently for up to 25 
years (Childerhouse et al. 1995, Somerford 2018). There also appear to be differences in 
habitat use among individuals, with some whales often found foraging inshore, while others 
tend to forage in deeper and further offshore waters (MMRG, unpublished data). These 
patterns suggest individual variability in foraging ecology, which may be reflected in the 
whales’ diet. There is also wide variation in body sizes among sperm whales, with total 
length varying by up to 30% among individuals (Growcott et al. 2011). Body size can 
influence competition for resources, with larger animals expected to occupy better habitats 
(Smith & Parker 1976, Renison et al. 2002). The echolocation clicks produced by sperm 
whales have a multi-pulse structure that is caused by reflections within their head (Norris & 
Harvey 1972), conveying reliable information about an individual’s size (Rhinelander & 
Dawson 2004, Growcott et al. 2011). Echolocation clicks may act as acoustic signals that 
mediate competition among males (Weilgart & Whitehead 1988) by settling size contests 
without the risk of physical interactions. If body size plays a role in competition for foraging 
habitat, or if larger animals can target larger or deeper prey, size variation might influence 
differences in diet among whales (e.g., Thomson et al. 2012, Nifong et al. 2015).  
Stable isotope ratios in the tissues of a predator reflect the integrated isotopic composition of 
its prey, providing a useful tool for investigating diet (Newsome et al. 2009a, Matich & 
Heithaus 2014, Kernaléguen et al. 2015). Isotope ratios of carbon (¹³C:¹²C, expressed as δ¹³C) 
and nitrogen (¹⁵N:¹⁴N, or δ¹⁵N) transform in a more or less predictable way as a food source 
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is assimilated into the tissues of a consumer (De Niro & Epstein 1978, 1981, Fry 2006). Values 
of δ¹³C change little (0.5 – 1‰) with each trophic step, providing a way to identify which 
primary producers support a food web (Peterson & Howarth 1987). Values of δ¹⁵N change 
more substantially, increasing by 2 – 4‰ with every step in the food web (DeNiro & Epstein 
1978, 1981, Caut et al. 2009). Thus, δ¹⁵N is useful for estimating the trophic level of a 
consumer (Post 2002). Importantly for marine food webs, the baseline isotope ratios in 
autotrophic sources (such as pelagic phytoplankton) show strong spatial variation within 
ocean basins (Rau et al. 1982, Somes et al. 2010, Magozzi et al. 2017). This means that the 
isotope ratios of a predator will not only be influenced by its trophic level and the 
autotrophic sources supporting its diet, but also by the region where it forages (Cherel & 
Hobson 2007, Díaz-Gamboa et al. 2017). These patterns need to be considered when 
comparing isotope ratios among animals with large home ranges.  
Sperm whales slough skin naturally and regularly, providing a reliable source of tissue that 
can be obtained non-invasively for use in dietary studies (Whitehead et al. 1990). In 
combination with photo-identification, skin samples can be assigned to specific individuals 
in a population. This approach allows monitoring of individual isotopic signatures over time 
(e.g., Marcoux et al. 2007), as well as relating signatures to individual traits in order to 
explore intra-population variability in foraging (e.g., Samarra et al. 2017). Stable isotope 
analyses have been used to identify variation in the diet of sperm whales among populations 
and geographical areas (Mendes et al. 2007b, Ruiz-Cooley et al. 2012, Zupcic-Moore et al. 
2017), as well as between sexes (Ruiz-Cooley et al. 2004), among social groups (Marcoux et 
al. 2007) and in relation to ontogenetic movements (Mendes et al. 2007a, Borrell et al. 2013).  
In this study, I investigate the variability in the stable isotope ratios of sperm whales found 
in and around the Kaikōura submarine canyon, to identify seasonal patterns and differences 
in foraging among individuals. Specific questions included: 
1) Do foraging patterns change between summer and winter? 
2) Are there differences in isotopic signatures among individual whales? 
3) Do whales with different residency rates at Kaikōura differ in their foraging patterns? 
4) Do larger whales have different foraging patterns than smaller whales? 
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To address these questions, values of δ¹³C and δ¹⁵N in sloughed skin were modelled in 
relation to seasonal and individual traits, including sighting frequency, long-term 
association with the canyon, and body size. By examining the fine-scale variation in isotopic 
signatures of sperm whales I also attempted to establish a framework for studying the 
whales’ foraging patterns in relation to the food web of the submarine canyon (addressed in 
Chapter 3). 
 
2.2.  Methods 
2.2.1. Sample and data collection 
Samples of sperm whale skin were collected from the Kaikōura Canyon and surrounding 
areas (Fig. 2.1) between January 2014 and January 2017. This period included sampling over 
four spring/summers (November to February; hereafter summer) and three autumn/winters 
(May to July; hereafter winter). Data collection was conducted aboard a 6 m outboard-
powered boat, RV Grampus, within a research area of ca. 20 x 15 nautical miles (nmi). To 
maximise the chances of evenly sampling all individuals present at Kaikōura at any given 
time, a standardised survey protocol was followed. For this purpose, the research area was 
divided into blocks of 4x4 nmi and the decision in which block to start a survey was made 
each day based on previous effort and weather conditions. The start location within each 
block was randomly generated. Sperm whales were tracked acoustically with a custom-built 
directional hydrophone (Dawson 1990) until they were visually located at the surface. For 
each whale encounter, I aimed to obtain: 
- A photograph of the tail flukes for individual identification, taken at the time of 
diving (‘fluke-up’), using a digital SLR camera (Nikon D750, D2H or D3, with a 
Nikkor 300 mm lens) 
- An acoustic recording to estimate size via inter-pulse intervals 
- Sloughed skin for stable isotope analysis 
Search effort and encounter data were logged via a custom written program running on a 
palmtop computer (HP 200LX) interfaced with a GPS, or on a tablet (Samsung Galaxy Tab 
A) running Cybertracker software. 
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Figure 2.1. Locations of sperm whale skin collection at the Kaikōura Canyon, New Zealand. Depth 
contours show 500, 1000, 1500 and 2000 m isobaths. The study area is bounded by the red dotted line 
(offshore bounds are 12 nmi navigational limits). Only the locations of collected samples that were 
subsequently analysed are included in the map. 
 
The identity of each whale was determined via photographic identification of the nicks and 
notches along the tail flukes (Childerhouse et al. 1995, 1996), and matching to the existing 
Kaikōura photo-ID catalogue held by the MMRG. 
Samples of sloughed skin (Fig. 2.2) were collected using a dip-net while following a whale 
at the surface or by entering the ‘slick’ after the whale had fluked. Samples were kept on ice 
packs until the end of each field day and stored frozen until analysis. Skin type was classified 
as type 1 (sheet-like, with a robust structure; Fig. 2.2b) or type 2 (strands lacking a robust 
structure, and presumably less fresh than type 1 skin; Fig. 2.2c), with the two types being 
clearly distinguishable. This classification was done to account for potential differences in 
δ15N and δ13C due to skin freshness, as skin degradation could result in the uneven loss of 
isotopes and thus alter their ratios.  
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Figure 2.2. Sloughed sperm whale skin. (a) Collection from the sea surface; (b) skin type 1; (c) skin 
type 2.  
 
The body length of each whale was estimated from the structure of echolocation clicks 
(section 2.2.3), using acoustic recordings obtained after the whale dived. To obtain a 
recording, a custom-built stereo hydrophone array (Barlow et al. 2008a) on a 50 m cable was 
deployed while the whale was at the surface and recovered 10 min after fluke-up. The 
hydrophone elements were 5 m apart and each contained a 40 dB pre-amplifier with a 3 
dB/octave high-pass filter (corner frequency 3.39 kHz) to filter out most low-frequency 
engine and flow noise. While this particular array was not calibrated, an identical array 
(Barlow et al. 2008a) had a reasonably flat frequency response (±3.5 dB) from 5 to 40 kHz. 
The signal was recorded with a Roland R44 digital recorder, producing WAV files at high 
resolution (sampling rate 96.0 kHz, 16 bit). At Kaikōura, sperm whales usually surface alone, 
typically spaced more than one mile apart (Childerhouse et al. 1995). Therefore, there was 
usually no ambiguity in attributing the recorded clicks to a particular individual. However, 
if other whales came close to the target whale, the acoustic recording was stopped to ensure 
that the target whale was the loudest. 
2.2.2. Stable isotope analysis of sperm whale skin 
Lipids in animal tissues are depleted in 13C relative to proteins and carbohydrates, and lipid 
content can vary widely among species, individuals, tissues and samples (DeNiro & Epstein 
1977, Melzer & Schmidt 1987, Focken & Becker 1998). To avoid confounding the 
interpretation of δ13C results, it is generally recommended to extract lipids from samples 
prior to isotope ratio mass spectrometry (IRMS) analysis (Ruiz-Cooley et al. 2004, 2012, 
Sweeting et al. 2006, Post et al. 2007). Lipid extraction, however, can cause small 
a b c 
10 cm 1 cm 1 cm 
Chapter 2 – Intra-population variability of isotope ratios 25 
 
fractionations in δ¹⁵N leading to biased interpretations (Post et al. 2007), so ideally δ13C is 
measured in lipid-free subsamples and δ15N in untreated subsamples. Unfortunately, 
samples of whale skin were often too small to allow subsampling. The error in δ¹⁵N caused 
by lipid extraction was thus quantified using skin samples that were large enough to 
measure δ¹⁵N in both untreated and lipid-free skin.  
Skin samples were first rinsed with distilled deionized water, oven dried at 60°C for 48 h, 
and homogenised to a fine powder using a mortar and pestle. Extraction of lipids from skin 
was performed using accelerated solvent extraction (ASE; Richter et al. 1996, Bodin et al. 
2009). This protocol is automated, results in marginal loss of sample material, and has little 
impact on δ¹⁵N compared to more traditional methods such as the ‘Bligh & Dyer’ or Soxhlet 
extractions (Bodin et al. 2009). These qualities are particularly advantageous in studies in 
which small amounts of tissue are available, and there is not enough sample for both lipid-
free and bulk treatments.  
Samples were individually packaged in pre-combusted GF/F filters and uniquely labelled, 
then transferred to 34 ml ASE cells. Lipid extraction was carried out on a DIONEX 300 ASE 
system (Department of Chemistry, University of Otago), using a triple extraction with 
dichloromethane at 70°C and 1500 psi for a static hold time of 5 min (plus 5 min heating 
time), 60% flushing volume and a 60 s N2 purge (Bodin et al. 2009). Samples were dried at 
50°C for 12 h to evaporate any traces of solvent.  
Aliquots of 1 mg (±0.1 mg) of lipid-free skin powder were packed into individual tin 
capsules. Samples were analysed for δ13C and δ15N by Iso-Trace (University of Otago) on a 
Europa Scientific ‘20/20 Hydra’ stable isotope mass spectrometer interfaced to a Carlo Erba 
NC2500 elemental analyser in continuous flow mode. Isotope ratios were normalised by 
three-point calibration to the international scales using two IAEA (International Atomic 
Energy Agency) reference materials and an EDTA laboratory standard. Results are 
expressed per mille (‰) in the standard notation (Peterson & Fry 1987), as δX = 
([Rsample/Rstandard]-1) x 1000, where X = the element in question and R = the ratio of the heavy 
over the light isotope (i.e., 13C/12C or 15N/14N). Vienna Pee Dee Belemnite (V-PDB) and 
atmospheric N were used as standard for 13C and 15N, respectively (precision: ±0.1‰ for δ13C 
and ±0.2‰ for δ15N).  
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It was not possible to know where on the whales’ bodies each piece of skin originated from. 
Studies of small-bodied cetacean species have found isotopic homogeneity throughout the 
skin on the whole body (Arregui et al. 2017), but it is not known if similar homogeneity 
applies to large cetaceans. To quantify the variability associated with the isotopic signatures 
of an individual whale at any given time, I measured the differences in δ13C and δ15N among 
pairs of skin samples collected from the same individual on the same day. 
2.2.3. Body length estimation 
Sperm whale body length can be estimated acoustically from the pulse structure of their 
echolocation clicks. The inter-pulse interval (IPI) is the time lag between consecutive pulses 
being reflected within the whale’s head, representing the time taken for sound to travel the 
length of the spermaceti sac (Norris & Harvey 1972, Møhl et al. 2003). The IPI is in turn 
proportional to total body length (Gordon 1991, Rhinelander & Dawson 2004, Growcott et 
al. 2011), which can be estimated according to the allometric relationship total length = 1.258 
IPI + 5.736, established in previous studies at Kaikōura (Growcott et al. 2011). 
Recordings were analysed using a Pamguard (v 1.6) IPI plug-in developed by Brian S. Miller 
(detailed in Growcott et al. 2011, Miller et al. 2013b), and IPI measurements were calculated 
as in Miller et al. (2013b), using recordings containing a minimum of 100 clicks. Miller et al. 
(2013b) concluded that at least six months between recordings were necessary to detect 
growth in the length of sperm whales at Kaikōura. Therefore, if an individual whale was 
recorded multiple times in the same season (i.e., < 3 months apart), the average total length 
for that season was calculated based on the available recordings.  
There were nine cases in which a whale had been sampled for skin but no acoustic recordings 
were available for that particular season. In these cases, I extrapolated body length from 
estimates obtained in the previous or subsequent season, using acoustically derived growth 
rates specific for the whales at Kaikōura (Miller et al. 2013a). Because growth rates vary with 
body size (Miller et al. 2013a), size-specific growth rates (at 1m intervals) were used for this 
purpose. To quantify extrapolation error, a random selection of 25 acoustically derived 
lengths was compared with lengths estimated via extrapolation. The resulting error was ±11 
cm (SE = 2), or around 0.7% of body length, which I considered acceptable for this study, 
given that body length estimates ranged between 12.5 and 16 m.  
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2.2.4. Individual residency patterns 
Sighting frequencies of individual sperm whales were based on encounter histories from 
photo-identification data, and used as a proxy for how much they utilised Kaikōura as a 
foraging ground. Seasonal sighting frequencies were calculated as the number of days in 
which a whale was photographed in a season (summer or winter), standardised by the total 
number of effort days in that season. Because whale abundance varied among seasons, 
sighting frequencies were scaled by the number of whales sighted in each season relative to 
the maximum number of whales sighted in any season during the study. This way, 
individual sighting frequencies would not be biased high in seasons of low abundance, when 
each whale was likely to be encountered more often. The proxy of sighting frequency was 
based on the assumption that the more time whales spend foraging inside the study area, 
the more frequently they would be encountered.  
The time taken for the isotopic signatures of a sperm whale’s skin to reflect those of its prey, 
known as ‘turnover time’ is not known. In bottlenose dolphins, the closest taxon for which 
turnover times have been identified in skin, it takes between 2 and 4.5 months for δ¹³C 
assimilation to reach equilibrium (Giménez et al. 2016). Turnover of δ15N takes longer, with 
near-complete assimilation taking between 4 and 9 months (Giménez et al. 2016). Given that 
turnover times lengthen with body mass (Thomas & Crowther 2015, Vander Zanden et al. 
2015), and that sperm whales have thicker skin than smaller odontocetes (Rice 1989), it is 
likely that sperm whales lie in the upper range of these values, and possibly exceed them. 
There are no published data on turnover times for δ13C in skin of any whale species, while it 
has been estimated to be c. 3 – 9 months for δ15N in blue whales (Busquets-Vass et al. 2017).  
Therefore, it was not known if a particular skin sample would be better represented by an 
individual’s sighting frequency from the season in which the skin was collected (i.e., within 
3 months), from the previous season (i.e., 5 – 6 months before), or over some other time 
period. To identify the most appropriate temporal scale at which to calculate sighting 
frequency for each individual, four covariates were considered in the analysis. These 
included the sighting frequency in the season of sampling, the sighting frequency in the 
previous season, the average of the two, and a global mean across the duration of the study 
(i.e., 3 years). The global mean was considered for two reasons: (1) potential variability in the 
turnover times among whales or among samples (e.g., Browning et al. 2014, Giménez et al. 
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2016) may have prevented any of the other three time-lags from accurately representing the 
turnover time in the population, (2) although the global mean sighting frequency was not 
expected to reflect a particular turnover time, its larger sample size (7 seasons) may provide 
a better representation of the typical residency pattern of each whale. The selection of the 
most suitable covariate of sighting frequency is described below (statistical analysis). 
The association of individual sperm whales with the Kaikōura canyon over a longer time 
scale was estimated as the year span between the first time they had been photographed and 
the time of sampling. Although it is not certain that each whale had been photographed on 
its first arrival in Kaikōura, this measure provided a minimum estimate of its long-term 
association with the area. 
Table 2.1. Summary of explanatory variables used to describe individual traits of sperm whales 
foraging at Kaikōura. 
Individual trait 
(abbreviation) 
Definition Variants Time scale 
Sighting frequency 
(‘SF’) 
Number of days 
in which an 
individual was 
photographed in 
a field season, 
standardised by 
survey days 
SF season Field season of sample 
collection (<3 months) 
SF previous Field season prior to sample 
collection (c. 5-6 months prior) 
SF ssn + prev Average for season of sample 
collection and previous season 





Year span from 
time first seen to 
time of sampling 




Full body length - Estimated for each field 
season (<3 months) 
 
2.2.5. Statistical analysis 
The variability in stable isotope ratios among samples of sperm whale skin was determined 
using an information-theoretic approach (Burnham & Anderson 2002, Anderson 2008). This 
framework allows for the simultaneous consideration of multiple hypotheses (or models), 
each of which can include several explanatory variables. I used generalised additive models 
(GAM; Hastie & Tibshirani 1990), a data-driven approach that enables fitting smoothed non-
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linear curves. This flexibility is particularly useful in ecological studies, in which 
relationships are often nonlinear (Guisan et al. 2002, Pirotta et al. 2011, Shillinger et al. 2011). 
Within the GAM framework, I used generalized additive mixed models (GAMMs; Lin & 
Zhang 1999, Zuur et al. 2009), which include random effects, in addition to fixed effects. 
GAMMs were used to model the whales’ isotope ratios as a function of the explanatory 
variables. Whale identity was included as the random effect in all GAMMs to account for the 
dependency among measurements from the same individual (Zuur et al. 2009).  
The explanatory covariates considered in the models included month, year, sighting 
frequency, year span at Kaikōura, total body length and skin type. The variable ‘year’ was 
included to quantify potential inter-annual variation in diet. The variable ‘month’ was 
included to account for fine-scale temporal variation in diet, mainly to explore its seasonal 
variability. ‘Month’ was preferred over ‘season’ (summer vs winter) to account for potential 
within-season variability. Generalisations from monthly to seasonal trends could then be 
inferred after analysis. Samples from the same individual collected in the same month and 
of the same skin type were averaged for further analysis to avoid autocorrelation. There were 
no cases of analysed samples from the same individual which had been collected in different 
months but within a month of each other (e.g., 22-Nov and 2-Dec), so this was not a source 
of autocorrelation. ‘Skin type’ was included as a factor in the models to account for potential 
variability in isotope ratios associated with using skin of two different qualities. The 
variables ‘sighting frequency’ and ‘year span’ were used to quantify the influence of 
residency patterns on isotope ratios.  
Prior to model selection, two steps were necessary: selecting the time scale of the explanatory 
variable ‘sighting frequency’ (SF), and removing explanatory variables that were correlated 
with each other. (1) To select the most suitable time scale of SF, four measures were 
considered:  SF in the season of sampling, SF in the previous season, an average of the two, 
and the global mean SF (section 2.2.4). Each of the four covariates was fitted independently 
to univariate GAMMs for the response in δ¹³C and δ¹⁵N, with whale identity as the random 
effect. The covariate with the lowest Akaike’s Information Criterion corrected for small 
sample sizes (AICC; Akaike 1973, Symonds & Moussali 2011) was selected for subsequent 
use in the full model. (2) Correlation among pairs of explanatory variables was investigated 
using concurvity tests, which are equivalent to collinearity tests (e.g., Spearman rho), but 
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better suited to non-linear models (Ramsay et al. 2003, Wood 2006). A threshold index of 0.3 
(with 0 indicating no correlation and 1 indicating 100% correlation) was used to identify high 
concurvity (He et al. 2006). In cases of concurvity, univariate GAMMs were fitted using each 
of the correlated variables, and compared using AICC. Only the variable from the univariate 
model with the lowest AICC was retained in the full model. Based on this procedure, the 
variable ‘year span’ was removed from further analyses.  
Once correlated terms had been excluded, the intra-population variability in δ¹³C and δ¹⁵N 
was modelled with a suite of GAMMs which included all combinations of independent 
explanatory variables. I modelled the effect of the predictor variables on δ¹³C and δ¹⁵N 
independently, as they reflect different aspects of foraging ecology. A Gaussian distribution 
with an identity link function was chosen to model the continuous response in δ¹³C and δ¹⁵N. 
The predictor variables ‘year’ and ‘skin type’ were modelled as categorical factors. The 
variables ‘month’, ‘sighting frequency’ and ‘body length’ were modelled as smoothed terms, 
derived using thin-plate regression splines, except ‘month’, which was modelled with a 
cyclic regression spline. All smooths were limited to a maximum of four degrees of freedom 
to reduce the risk of overfitting (Vaughan & Ormerod 2005, Moore et al. 2010). Smoothing 
curves derived from the best GAMMs were used to interpret the specific effect of each 
explanatory variable on the whales’ isotopic signatures. Statistical tests were run in R-Studio 
v. 1.1.3 (R development Core Team 2012), using the packages ‘mgcv’ and ‘gamm4’ (Wood 
2006, 2016, Wood & Scheipl 2017). 
Models were ranked according to Akaike’s information criterion, with the best model 
indicated by the lowest AICC value (Burnham et al. 2011, Symonds & Moussali 2011). AICC 
combines fit to the data and model simplicity, so that if two models have similar fit, the one 
with fewer parameters is favoured. Akaike weights (or model probabilities) were computed 
for each model, calculated as the model likelihood relative to the sum of the likelihoods of 
all models in the set. Interactions terms were not included to facilitate interpretation of the 
fitted functions (Suárez-Seoane et al. 2002, Rayment et al. 2014), and because there was no 
prior reason to do so. Diagnostic plots (histograms of residual distributions and normal Q-
Q plots) were used to verify assumptions of normality for the use of a Gaussian error 
structure in the GAMMs. Plots of residuals vs fitted values were used to verify homogeneity 
of variance (Appendix 1, Fig. A1.1). 
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2.3. Results 
A total of 147 skin samples from 37 individual sperm whales were collected over seven 
seasons between January 2014 and January 2017. Isotope ratios were obtained for 107 
samples. The remaining 40 samples were not analysed because they were either collected 
from unidentified whales (n = 7), too small for IRMS analysis (< 1 mg after sample 
preparation, n = 19), lost due to problems with ASE or IRMS equipment (n = 4), or archived 
frozen for future studies (n = 10). Of the 107 analysed samples, 17 were repeated 
measurements from individual whales within the same month and of the same skin type 
and, thus, were averaged before further analysis to avoid autocorrelation. This resulted in 
90 data points in total, from 37 different whales (Table 2.2), representing 80% of the 46 
individuals that were identified during the study period.  
Table 2.2. Summary of samples of sloughed skin from sperm whales off Kaikōura analysed for δ¹³C 
and δ¹⁵N. The year number refers to the category used as explanatory variable in the GAMMs. 
 





# monthly δX 
measurements 
summer 2014 1 Jan, Feb 13 14 13 
winter 2014 1 Jun, July 9 10 9 
summer 2014/2015 2 Nov, Dec, Feb 9 15 13 
winter 2015 2 May, June, July 13 17 15 
summer 2015/2016 3 Nov, Dec, Feb 11 17 12 
winter 2016 3 May, June, July 16 20 19 
summer 2016/2017 4 Nov, Dec, Jan 6 14 9 
Full study   37 107 90 
 
 
The number of samples analysed per individual ranged from 1 to 8 (mean = 2.3). Most of the 
sampled sperm whales were encountered at Kaikōura over two to four seasons, with four 
individuals encountered in a single season and six individuals in five or more seasons (Fig. 
2.3). Individual whales were not sampled in every season in which they were encountered: 
most were sampled in one or two seasons, with ten whales sampled in three or more seasons 
(Fig. 2.3).  
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Figure 2.3. Frequency distributions of the number of seasons (summers and winters) that the 37 sperm 
whales included in the GAMMs were (a) encountered off Kaikōura between Jan-2014 and Jan-2017, 
and (b) sampled for sloughed skin used in stable isotope analysis. 
 
The average change in δ15N of whale skin after lipid extraction was 0.16‰ (SD = 0.14, n = 34; 
Appendix 1, Table A1.1, Fig. A1.2), which was within the expected IRMS error (±0.2‰), and 
thus considered adequate for the purposes of this study. Therefore, whale δ15N values from 
lipid-extracted samples were used for further analysis. The increase in δ13C after lipid 
extraction was reasonably consistent, changing on average +0.38‰ (SD = 0.20, n = 34; 
Appendix 1, Table A1.1, Fig. A1.2). The loss of lipids was also reflected in the decrease in 
C:N mol ratios (Post et al. 2007), with an average change of -0.26 (SD = 0.12, n = 34). The 
isotopic difference in duplicate samples of homogenised skin powder was, on average, 
0.05‰ for δ13C (SD = 0.05, n = 28) and 0.10‰ for δ15N (SD = 0.10, n = 28), falling within the 
analytical error of IRMS (±0.10‰ for δ13C and ±0.20‰ for δ15N). The mean isotopic 
differences between skin samples from the same individual collected on the same day were 
relatively small, very similar to the differences within the same month, and slightly smaller 
than the differences within the same season (Table 2.3). Overall, these results indicated 
consistency in isotope ratios among samples obtained from the same animal over short time 
scales. This provided reassurance that isotope ratios in sloughed skin were suitable to 
examine variability in foraging among individuals (in relation to their individual traits) and 
over seasonal and inter-annual time scales. 
There were only four cases in which whale samples of both skin types (1 and 2) were 
available from the same individual and collected within a month. As an approximate 
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isotope ratios of the four paired samples was 0.32 for δ¹³C and 0.46 for δ¹⁵N. This was larger 
than the difference from paired samples of the same individual collected in the same month 
and of the same skin type (0.19 for δ¹³C and 0.25 for δ¹⁵N), justifying the inclusion of skin 
type as a factor in the models to account for any potential bias. 
 
Table 2.3. Within-individual differences in stable isotope ratios of skin from sperm whales at 
Kaikōura. The mean difference and standard deviation (SD) are based on paired samples of sloughed 
skin collected from the same individual on the same day, month or season, and of the same skin type. 
n = sample size. 
Sample 
collection 
Mean difference ± SD n (sample 
pairs) δ¹³C (‰) δ¹⁵N (‰) 
same day 0.17 ± 0.10 0.25 ± 0.18 14 
same month 0.19 ± 0.12 0.25 ± 0.22 20 
same season 0.21 ± 0.14 0.29 ± 0.23 26 
 
2.3.1. Variability in sperm whale isotopic signatures, residency patterns and body length 
Overall, values of δ¹³C in whale skin ranged between -18.14 and -15.68‰ (mean ± SD = -16.85 
± 0.51, n = 90), and δ¹⁵N values ranged between 12.13 and 17.10‰ (mean ± SD = 15.55 ± 0.91, 
n = 90; Fig. 2.4). Season-specific SF (days sighted/survey days, scaled by whale abundance) 
varied between 2 and 43% (mean ± SD = 15 ± 10, n = 77 seasonal estimates), while global mean 
SF varied between 1 and 26% (mean ± SD = 8 ± 7, n = 37 whales). The minimum year-span 
between the first and last time that whales had been present at Kaikōura ranged from 1 to 26 
years (mean ± SD = 12.2 ± 9.2, n = 77). IPI estimates ranged between 5.75 ms and 8.09 ms 
(mean ± SD = 6.88 ± 0.57, n = 77), and total body length varied between 12.9 and 15.9 m (mean 
± SD = 14.4 ± 0.7, n = 77). The number of acoustic recordings for IPI estimation from an 
individual in a single season ranged between 1 and 8 (mean ± SD = 2.2 ± 1.7, n = 37), and the 
standard error of a whale’s total length estimated from >1 recording ranged between 0 and 
9 cm (mean SD = 2 cm, n = 49).  
 
 




Figure 2.4. Variation in stable isotope ratios in sperm whale skin with (a) season, (b) global mean 
sighting frequency (gSF), and (c) body length (BL). Sample size = 90. For visual clarity, sighting 
frequency and body length are divided into categories according to approx. 1/3rd quantiles, and 
summer and winter months are grouped per season. 
 
2.3.2. Temporal scale of whales’ sighting frequencies 
Sighting frequencies (SF) were estimated as a proxy for the whales’ residency at Kaikōura. 
Of the four temporal scales used to describe the SF, the global mean SF (mean SF across all 
seasons) was the covariate with most power to predict the variability of both δ¹³C and δ¹⁵N 
in sperm whale skin, with Akaike weights of 47 and 89%, respectively, and an explained 
variance of 29 and 36%, respectively (Table 2.4). In the case of δ¹³C values, the whales’ SF in 
the season previous to data collection (i.e., 5 – 6 months before) also had high support, 
explaining 28% of δ¹³C variance. Based on these results, the global mean SF was used for 
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Table 2.4. Correlation between isotopic signatures in the skin of sperm whales and sighting 
frequencies at different temporal scales. Model parameters show the performance of univariate 
GAMMs using four alternative covariates of whales’ sighting frequency (SF) to model the response of 
isotope ratios. ‘SF global mean’ = mean SF for all seasons; ‘SF season’ = SF from the season of sample 
collection; ‘SF previous’ = SF from the previous season; ‘SF ssn+prev’ = average SF of the season of 
sample collection and the previous season. ∆AICC = delta AICC relative to the best model; wi = Akaike 
weight (probability of model being the best in the set); Adj. R² = proportion of variance explained by 
each model (by fixed effects only). 
 
 δ¹³C   δ¹⁵N 
Temporal scale of 
sighting frequency 
∆AICC wi Adj. R²  ∆AICC wi (%) Adj. R² 
SF global mean 0.0 0.47 0.29  0.0 0.89 0.36 
SF previous 0.1 0.45 0.28  6.7 0.03 0.10 
SF ssn+prev 10.3 0.00 0.09  4.8 0.08 0.17 
SF season 3.7 0.07 0.14  12.3 0.00 0.01 
 
2.3.3. Correlation among explanatory variables 
Pairwise combinations of explanatory variables (including global sighting frequency, year 
span at Kaikōura and total body length) were tested for correlation using concurvity tests 
(Table 2.5). The variable ‘year span’ was positively correlated with both sighting frequency 
and body length (i.e., whales with longer year spans at Kaikōura tended to have higher 
seasonal sighting frequencies and larger body lengths). ‘Year span’ was therefore excluded 
from further analysis. 
Table 2.5. Correlation among explanatory variables used to model the variability in isotope ratios of 
sperm whales at Kaikōura. Concurvity values above 0.3 (identified by *) indicate correlation. 
 
Explanatory variables Concurvity 
Month vs global mean SF 0.05 
Month vs Year span 0.04 
Month vs Body length 0.10 
Global mean SF vs Year span    0.38 * 
Global mean SF vs Body length 0.25 
Body length vs Year span    0.52 * 
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2.3.4. Intra-population variability in isotope ratios  
For explaining δ¹³C of sperm whale skin, the best model had an Akaike weight of 64% and a 
relatively high explained variance of 41% (Table 2.6). The model included month and mean 
sighting frequency as significant predictors, excluding year, body length and skin type. 
There was little support for models including skin type or body length as explanatory 
variables (Akaike weight ≤ 5%), and these terms had no statistical significance (Table 2.6). 
There was no support for models including inter-annual variability. Seasonal effects on δ¹³C 
variation were explained by a cyclic function over one year and a total change of c. 0.5‰ 
(Fig. 2.5a). Whales sampled in winter months (May – July) had lower δ¹³C than those 
sampled in spring and summer (November – February; Fig. 2.4a, see Appendix 1 Fig. A1.3 
for raw data). The difference in δ¹³C between winter and summer months was statistically 
significant, as indicated by the GAMM smoother for ‘month’ (Table 2.6b, Fig. 4a), while 
differences between consecutive months were small. Whales with higher sighting 
frequencies (i.e., that spent more time at Kaikōura) had higher δ¹³C values than whales that 
were sighted less frequently (Fig. 2.4, 2.5). This effect was non-linear, and most pronounced 
at the lower range of sighting frequencies, indicating that the whales that were sighted least 
frequently were the most distinct from the rest of the population. According to the GAMM 
smooth function, the difference in δ¹³C between whales with the lowest and highest sighting 
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Table 2.6. Model selection of GAMMs to explain intra-population variation of δ¹³C of sperm whales 
at Kaikōura. Metrics of model performance and significance of smooth terms are shown for each 
model with some support (Akaike weight ≥ 1%). ∆AICC = difference in AICC score relative to best 
model in the set; wi = Akaike weight; Adjusted R2 = explained variance (by fixed effects only); edf = 
estimated degrees of freedom; coef. = parametric coefficient estimate; SF = mean sighting frequency; 
BL = total body length; (1|ID) = random effect of whale identity included in all models. 
Model selection table: 
    
Rank Model edf ∆AICc wi (%) Adj. R2 
1 δ¹³C ~ month + SF + (1|ID) 6 0 64 0.41 
2 δ¹³C ~ month + (1|ID) 4 1.98 24 0.17 
3 δ¹³C ~ month + SF + skin type + (1|ID) 7 5.22 5 0.40 
4 δ¹³C ~ month + SF + BL + (1|ID) 8 5.43 4 0.42 
5 δ¹³C ~ month + skin type + (1|ID) 5 7.07 2 0.15 
Significance of terms retained in each model: 
   
Model 
rank 












1 1.70 (p<0.001) 1.82 (p=0.006) - - - 
2 1.70 (p<0.001) - - - - 
3 1.69 (p<0.001) 1.81 (p=0.006) - -0.03 (p=0.75) - 
4 1.70 (p<0.001) 1.52 (p=0.005) 1.59 (p=0.16) - - 
5 1.69 (p<0.001) - - -0.02 (p=0.76) - 
 
 
Figure 2.5. GAMM smoother functions for the variability in δ¹³C of sperm whale skin. The y-axes 
show the smooth function of each variable that was retained in the best model, with the estimated 
degrees of freedom in brackets. The shaded area represents the 95% confidence interval of the 
response. The response of δ¹³C is shown as a function of (a) month and (b) mean sighting frequency.  
δ¹³C (‰) δ¹³C (‰) 
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For explaining δ¹⁵N variability, the best model had an Akaike weight of 62% and explained 
39% of the variance in the response (Table 2.7). In this case, only the mean sighting frequency 
of sperm whales was included as a significant factor, excluding month, body length and skin 
type. There was some support for the model including month as an explanatory variable 
(Akaike weight = 20%) and the model including skin type (Akaike weight = 8%). However, 
these models did not improve the variance explained (39%), and the effect of the factors was 
small (month edf = 0.11, skin coefficient = -0.03) and of no statistical significance (p-value = 
0.29 and 0.81, respectively). There was therefore little evidence for a difference in δ¹⁵N 
between whales sampled in winter and whales sampled in summer, or between samples of 
different skin type. There was very little support for models including body length, and no 
support for models including inter-annual variation. The relationship between δ¹⁵N and 
sighting frequency was non-linear; whales that were more frequently sighted at Kaikōura 
had higher δ¹⁵N signatures, but once sighting frequencies increased above 0.06 (i.e., 
equivalent of being sighted on average at least twice in a season), δ¹⁵N values did not change 
much (Fig. 2.4, 2.6, see Appendix 1 Fig. A1.4 for raw data). In addition, whales with sighting 
frequencies above 0.06 had a narrower range in δ¹⁵N values (15 – 17‰), while individuals 
with lower sighting frequencies ranged from 12 to 17‰ (Fig. 2.4, 2.6). As in the case of δ¹³C, 
whales that were sighted least frequently had the most distinct δ¹⁵N values compared to the 
rest of the sampled population. According to the GAMM smooth function, the difference in 
δ¹⁵N between whales with the lowest and highest sighting frequencies was up to c. 2‰ (Fig. 
2.4, 2.6). 
Overall, the GAMMs for both δ¹³C and δ¹⁵N indicated that inter-annual variability was small, 
skin quality was not an important source of isotopic variability, and larger whales did not 
have noticeably different isotopic signatures than smaller whales. In contrast, δ¹³C and δ¹⁵N 
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Table 2.7. Model selection of GAMMs to explain intra-population variation in δ¹⁵N of sperm whales 
off Kaikōura. Metrics of model performance and significance of smooth terms are shown for each 
model with some support (Akaike weight ≥ 1%). ∆AICC = difference in AICC score relative to best 
model in the set; wi = Akaike weight; Adjusted R2 = explained variance; edf = estimated degrees of 
freedom; coef. = parametric coefficient estimate; SF = mean sighting frequency; BL = total body length; 
(1|ID) = random effect of whale identity included in all models. 
Model selection table: 
    
Rank Model edf ∆AICc wi (%) Adj. R2 
1 δ¹⁵N ~ SF + (1|ID) 5 0.00 62 0.39 
2 δ¹⁵N ~ SF + month + (1|ID) 6 2.29 20 0.39 
3 δ¹⁵N ~ SF + skin type + (1|ID) 6 4.00 8 0.38 
4 δ¹⁵N ~ SF + month + skin type + (1|ID) 7 6.35 3 0.38 
5 δ¹⁵N ~ SF + BL + (1|ID) 7 6.71 2 0.38 
Significance of terms retained in each model: 
   
Model 
rank 












1 - 2.25 (p<0.001) - - - 
2 0.11 (p=0.29) 2.25 (p<0.001) - - - 
3 - 2.24 (p<0.001) - -0.03 (p=0.81) - 
4 0.06 (p=0.30) 2.24 (p<0.001) - -0.03 (p=0.82) - 
5 - 2.17 (p<0.001) 1.00 (p=0.73) - - 
 
Figure 2.6. GAMM smoother functions for the variability in δ¹⁵N of sperm whale skin. The y-axis 
shows the smooth function of the variable that was retained in the best model, with the estimated 
degrees of freedom in brackets. The shaded area represents the 95% confidence interval of the 
response. The response of δ¹⁵N is shown as a function of mean sighting frequency.  
δ¹⁵N (‰) 
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2.4. Discussion  
Stable isotope analyses of δ¹³C and δ¹⁵N in sloughed skin from male sperm whales off 
Kaikōura were used to investigate intra-population differences in foraging. Isotopic 
signatures varied seasonally and according to differences in sighting frequencies among 
individuals, while there was no apparent correlation with body size. This study was the first 
to assess variability in stable isotope ratios of sperm whales in relation to season or 
individual characteristics, providing new insights into the foraging ecology of the species. 
We found that stable isotope analysis of sloughed skin was a valuable method to investigate 
the foraging ecology of sperm whales. Skin samples produced relatively consistent isotopic 
signatures from individual whales within a short period of time (c. 1 month), allowing for 
comparisons among conspecifics. Furthermore, temporal variability in stable isotope ratios 
was small within a field season and between years, but was significantly different between 
field seasons (i.e., summer and winter), allowing for the identification of seasonal patterns 
in foraging. Lastly, we found that the use of skin samples of apparently different qualities 
resulted in marginal variability in isotope ratios, providing further assurance for the use of 
sloughed skin in isotopic studies to investigate trophic dynamics of cetaceans. 
2.4.1. Inter-individual variation in foraging in relation to sighting frequency  
Whales foraging off Kaikōura had a wide range of carbon and nitrogen isotope ratios, 
especially considering the small spatial scale of the study. A large proportion of isotopic 
variability was correlated with the whales’ sighting frequencies – a proxy for the relative 
time that each whale spent in the Kaikōura Canyon area. In this sense, individuals are not 
ecologically equivalent: they utilise the food resources of the Kaikōura foraging ground to 
different extents. Variation in δ¹³C among individual whales can indicate diversity in the 
organic matter source pools at the base of their food web, while variation in δ¹⁵N can indicate 
feeding on prey of different trophic levels within the Kaikōura canyon ecosystem. However, 
variation in isotope ratios among individuals can also reflect differences at the base of the 
food web from geographically separate ecosystems (Zupcic-Moore et al. 2017). This can 
happen if some individuals ‘carry’ with them the isotopic signature of a food web from a 
foraging area different to the one where they are sampled. Because sperm whales are highly 
mobile and it takes longer than two months for their skin to integrate the isotopic signatures 
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of their prey (Giménez et al. 2016, Ruiz-Cooley et al. 2004), this is a likely scenario for whales 
that do not spend much time at Kaikōura.  
The sighting frequencies of individual sperm whales were used as a proxy for the relative 
extent that each whale used the Kaikōura Canyon area for foraging. Although individual 
sighting frequencies were distributed in a gradient rather than in distinct groups, whales at 
the two ends of the spectrum can be thought of as ‘occasional visitors’ or ‘frequent visitors’ 
for simplicity (van der Linde 2009). The variability in both δ¹³C and δ¹⁵N among whales was 
highly correlated with individual sighting frequencies, with more enriched isotopic 
signatures in frequent visitors. These whales also tended to have been at Kaikōura for longer 
year-spans. In addition, occasional visitors had more diverse isotopic signatures than 
frequent visitors. Occasional visitors are unlikely to have the isotopic signature of a 
Kaikōura-based diet. Instead, their isotope ratios probably reflect the integrated diet from 
the different areas where they had been foraging prior to being sighted at Kaikōura. In 
contrast, frequent visitors use Kaikōura more extensively for foraging, likely incorporating 
the isotopic signatures of locally sourced prey.  
Because the isotopic signatures of occasional visitors might reflect a different foraging 
ground than that of frequent visitors, direct comparisons of primary organic sources (based 
on δ¹³C) or trophic level (based on δ¹⁵N) are not possible. However, isotopic values of both 
δ¹³C and δ¹⁵N can provide information about foraging areas at a larger spatial scale. 
Latitudinal and spatial gradients in the isotope ratios of marine primary producers are 
reflected in organisms at higher trophic levels, including squid, fish and cetaceans (Takai et 
al. 2000, Marcoux et al. 2007, Popp et al. 2007, Zupcic-Moore et al. 2017). Values of δ¹³C and 
δ¹⁵N in pelagic phytoplankton typically decrease at higher latitudes within an ocean basin, 
on a scale of up to 5‰ over 5-10 degrees of latitude (Rau et al. 1982, Wada & Hattori 1991, 
Trull & Armand 2001, Lourey et al. 2003). In addition, pelagic and offshore food webs are 
typically more depleted in δ¹³C than benthic and inshore food webs (France 1995, Burton & 
Koch 1999, Cherel & Hobson 2007), a pattern that is reflected in cetaceans feeding at high 
trophic levels (Díaz-Gamboa et al. 2017). Food webs of pelagic and offshore environments 
also tend to be shorter, resulting in lower δ¹⁵N at high trophic levels (Iken et al. 2005).  
Chapter 2 – Intra-population variability of isotope ratios 42 
 
Sperm whales that were occasional visitors to Kaikōura had lower isotopic signatures than 
frequent visitors, by up to ~1‰ in δ¹³C and ~2‰ in δ¹⁵N (equivalent in magnitude to the 
isotopic change of one trophic level; Caut et al. 2009, Giménez et al. 2016). This trend would 
be consistent with occasional visitors coming from foraging grounds further to the south 
and/or further offshore, but within New Zealand latitudes. Variation in the isotope ratios of 
sperm whales in relation to spatial and latitudinal gradients have been recognised before 
(Ruiz-Cooley et al. 2004, Mendes et al. 2007b, Zupcic-Moore et al. 2017). In sperm whales 
from the Gulf of California, males coming from higher latitudes had markedly lower δ¹³C 
and δ¹⁵N in skin than females feeding locally at lower latitudes (Ruiz-Cooley et al. 2004). In 
sperm whales from the South Eastern Tropical Pacific, individual variation in isotope ratios 
reflected different feeding regions (Zupcic-Moore et al. 2017). More specific biochemical 
tools, such as compound specific isotope analysis (McClelland & Montoya 2002, Popp et al. 
2007, Zupcic-Moore et al. 2017), would help to distinguish if the isotopic differences among 
individuals reflect a different food web baseline and/or different prey. 
Differences in δ¹³C and δ¹⁵N among whales with higher sighting frequencies (above ca. 0.06) 
were much less pronounced compared to those of whales with low sighting frequencies. This 
suggested that the overall isotopic variation among males was most influenced by the 
distinct isotopic characteristics of occasional visitors, likely coming from foraging areas 
beyond the canyon. Isotopic variability was less influenced by potential diet specialisation 
among whales that were frequently foraging within the study area. However, there is 
evidence that fine-scale habitat segregation might exist at Kaikōura, even if this is not 
reflected in isotopic signatures (e.g., Thomson et al. 2012). For example, some whales that are 
very frequent visitors are encountered repeatedly in the upper canyon, whereas some 
‘occasional visitors’ tend to only be encountered further offshore (MMRG, unpublished 
data). Furthermore, in the upper canyon foraging is mostly pelagic (Miller et al. 2013b), while 
in deeper areas there is also a high rate of demersal foraging (Guerra et al. 2017). This 
suggests that there is a range of foraging habitats within the Kaikōura canyon system, which 
might differ in the species they support. Research on individual variation in foraging 
distribution, and the influence of social interactions (e.g., through competition or 
associations), would help understand spatial segregation among sperm whales. 
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2.4.2. Time scale of sighting frequencies vs isotope ratios: insights into turnover times 
The time taken for the isotopic signature of cetacean skin to reflect the signature of 
assimilated prey (‘turnover time’) is has only been estimated for dolphins in captivity (δ13C 
and δ15N; Browning et al. 2014, Giménez et al. 2016) and blue whales (δ15N only; Busquets-
Vass et al. 2017). This study’s assessment of the relationship between the whales’ sighting 
frequencies and their isotopic signatures at different time scales provided new insight into 
turnover times in sperm whales. In the case of δ¹³C, the global mean sighting frequency was 
the best predictor of individual δ¹³C values, but was very closely followed by the sighting 
frequency from the previous season, while the sighting frequency from the season of 
sampling was a poor predictor. This suggests that δ¹³C turnover time in sperm whale skin is 
likely to be around 5 – 6 months. In the case of δ¹⁵N, the global mean sighting frequency of 
each whale (averaged over the duration of the 3-year study) was clearly the best predictor of 
variability in δ¹⁵N among individuals. This did not necessarily mean that turnover time 
approximated three years, but rather that the average rate of an individual’s use of the 
Kaikōura habitat was a better predictor of its isotopic signature in any given season than the 
rate corresponding to that particular season. The turnover time for δ¹⁵N in sperm whales 
remains uncertain, but the fact that isotope ratios did not correlate with the whales’ sighting 
frequencies during the season of sampling or the previous season, suggests that it is likely 
longer than 5 – 6 months.  
2.4.3. Seasonal variability in foraging 
The δ¹³C values of sperm whales varied between seasons, with samples collected during 
summer months being c. 0.5‰ more enriched than those collected during winter. This 
variability indicates seasonal differences in the use of food resources, suggesting that the 
variation in spatial distribution and diving behaviour between summer and winter (Jaquet 
et al. 2000) is driven by changes in prey or foraging habitat. Specifically, differences in δ13C 
may be caused by consumption of prey with different isotopic signatures and/or a change in 
the carbon source supporting the food web (Fry 2006). Given that δ13C turnover time in 
sperm whale skin is likely to approximate 5 – 6 months, δ13C signatures in whales sampled 
in summer are more likely to reflect the diet that was integrated over winter, and vice versa. 
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It is possible that other processes might have influenced the observed seasonal changes in 
isotope ratios, such as variability in isotopic enrichment during growth of skin, or bacterial 
activity on sloughed skin. While the potential contribution from these factors is unknown, it 
is likely to be small compared to that caused by variability in foraging patterns. For example, 
based on the similarity in isotope ratios between the two skin types (with presumed different 
levels of degradation), fractionation of freshly sloughed skin is probably minimal.  
I found no changes in the whales’ δ¹⁵N between winter and summer. δ¹⁵N in sperm whales 
may turn over too slowly to be a useful tool to discern seasonal variability in diet and trophic 
level. In general, seasonal changes in δ¹⁵N values of odontocetes are more challenging to 
detect than those in δ¹³C, due to long turnover times potentially swamping the isotopic 
signatures specific to each season. An ecological interpretation of the seasonal dynamics in 
the isotope ratios of sperm whales requires some knowledge of the isotopic signatures of the 
base of the food web and the potential prey items. This is investigated in Chapter 3.  
There was not much within-season variability in δ¹³C signatures, and none in δ¹⁵N. These 
results suggested that measurements from summer months (November-February) or winter 
months (May-July) can be pooled for the analysis of seasonal trends without a significant 
loss of information. At a longer time-scale, the isotopic signatures of sperm whales were 
reasonably consistent from year to year, suggesting that no major changes in the food web 
occurred within the three-year period. Although the current study might reflect an already 
shifted baseline for the Kaikōura Canyon ecosystem, it provides a reference for future trophic 
studies on the sperm whale population (e.g., Guerra et al. 2018). 
2.4.4. Sperm whale body size 
The isotopic signatures of male sperm whales off Kaikōura were not correlated with body 
size, suggesting that larger whales did not have distinct diets. It is still possible that 
segregation in foraging habitat is influenced by size, but that a better habitat reflects higher 
prey densities or easier access to prey rather than differences in prey types. Therefore, habitat 
segregation among sperm whales according to body size (if it does occur) might be better 
assessed through individual patterns in spatial distribution. Although there was no 
correlation between body size and isotope ratios across the sampled population, the three 
males with notably high sighting frequencies (whales MLS70, LNL160 and HL160) had some 
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of the largest body lengths (14.8 – 15.5m). These individuals were also characterised by heavy 
isotope ratios and long year spans at Kaikōura (23 – 26yr). Interestingly, these individuals 
are often encountered in the upper canyon, where other whales are sighted less often 
(MMRG, unpublished data). Thus, size and long-term residency (or age) could play a role in 
habitat segregation by providing a competitive advantage to a very few individuals. 
2.4.5. Implications for isotope studies of sperm whales 
The results from this study have implications for the use of stable isotope signatures in 
sloughed sperm whale skin. The use of accelerated solvent extraction (ASE) for removal of 
lipids from sperm whale skin had only a small effect on δ¹⁵N, showing that this method 
allows for the measurement of both δ¹³C and δ¹⁵N from lipid-extracted samples. The 
variability in isotopic signatures of skin samples from the same whale taken within the same 
season was reasonably low, indicating that sloughed skin (even small amounts of ~1 mg) can 
provide a consistent representation of an individual’s isotopic signatures. The use of skin 
with two different structural forms (with potentially different properties), did not appear to 
introduce significant variability to the analysis. This was the first study to address the 
potential bias of using different types of sloughed skin in cetaceans, so it is not known if this 
is a general pattern among species. However, this is consistent with the lack of difference in 
stable isotope ratios between sloughed skin and the upper epidermal layer (‘stratum 
externum’) of blue whales (Balenoptera musculus; Busquets-Vass et al. 2017). Lastly, this study 
supports the use of sloughed skin for analysing biochemical tracers in sperm whales. The 
collection of sloughed skin can yield large sample sizes and is a non-invasive method. 
The isotopic patterns found in this study (such as seasonal variability, isotopic similarity 
between skin types, isotopic turnover for carbon of c. 0.5 years) were derived from mature 
males. It is uncertain if these results are applicable to young or female sperm whales, given 
that they are found in very different environments in the tropics and sup-tropics (Whitehead 
2003). However, two points are particularly relevant for the study of the foraging ecology of 
sperm whales at Kaikōura. Firstly, interpretation of seasonal trends in diet should consider 
that samples collected at a certain time reflect the whales’ foraging habits integrated over 
several months before (likely 5 – 6), rather than over the season of sample collection itself. 
And secondly, sperm whales with very low sighting frequencies (‘occasional visitors’) are 
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unlikely to reflect a Kaikōura-based diet, thus their trophic position and food web cannot be 
modelled based on organic matter source pools from the canyon area. 
2.4.6 Implications for conservation and future research 
This study highlights some issues for the management and conservation of sperm whales at 
Kaikōura. Variation in foraging patterns within the population may require management 
strategies to address threats targeting different subgroups. For example, localised impacts 
on the canyon’s food resources, such as fishing or environmental variability, may have 
different influences on the whales, depending on their residency rates at Kaikōura. On the 
other hand, whales that are occasional visitors to Kaikōura may be exposed to other impacts 
in their foraging grounds or migration routes beyond the canyon. To date it remains 
unknown where sperm whales from this population go when not at Kaikōura. Data on their 
long-term movements and diets would be required to fill this gap and guide conservation 
efforts. The analysis of more specific biochemical tracers in sloughed skin (e.g., trace 
elements, compound-specific stable isotopes; Popp et al. 2007, Ramos & González-Solís 2012) 
could provide valuable insights into the geographical origin of occasional visitors. Isoscape 
maps of isotope signatures collated from SPOM and cetacean top predators around New 
Zealand and the Southern Ocean currently do not exist. These maps would be very valuable 
for narrowing down the whales’ likely foraging regions. Lastly, while sperm whales strand 
very occasionally, it is important to maximise what can be learnt from these rare 
opportunities. For example, samples of various tissues, including skin from multiple parts 
of the body, can be used to address within-individual variability in stable isotope ratios. In 
addition, stable isotope analyses of teeth layers (e.g., Mendes et al. 2007a,b) can provide 
valuable information on long-term movements and variability in foraging.  
While the population’s variability in δ¹³C values was comparable to other sperm whale 
populations (Ruiz-Cooley et al. 2004, 2012, Marcoux et al. 2007), the range in δ¹⁵N was quite 
high (~5‰, or 2 – 3 trophic levels), especially considering the small spatial scale of the study. 
This suggested a wide range of foraging patterns among males. Diversity in foraging 
strategies can influence population stability by increasing resilience to natural or 
anthropogenic disturbance (Bolnick et al. 2011). Individual specialisation in foraging habitat 
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or targeted prey, for example, can alleviate competition among conspecifics (Rossman et al. 
2015), particularly during periods of lower food availability.  
2.4.7. Conclusions 
Stable isotope analyses suggested that sperm whales foraging around the Kaikōura Canyon 
change their foraging seasonally, consistent with variations in distribution and diving 
behaviour. Isotope ratios also varied among whales according to their residency rates, 
suggesting variability in habitat use by different parts of the population. Whales that visited 
Kaikōura occasionally were likely to reflect diets from foraging grounds beyond the canyon, 
probably from further offshore and/or further south. The use of sighting frequencies as a 
proxy for the extent of foraging at Kaikōura highlights the value of integrating isotope 
analysis with long-term sighting data in studies of foraging ecology of marine mammals.  
Sperm whales are large, highly mobile, and pelagic; they forage at depth and rarely strand. 
These attributes make studying their feeding habits particularly challenging, which makes 
stable isotope analysis of sloughed skin a convenient tool to study their diet and habitat use. 
It is important, however, to acknowledge the limitations of this method, especially 
considering the uncertainty around parameters such as discrimination factors. The results 
obtained here provide a framework to examine the whales’ trophic ecology in the context of 
the Kaikōura Canyon food web. To better understand the sperm whales’ diet and its 
seasonality, information on the isotopic signatures of potential prey and primary producers 
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3.1.  Introduction  
An understanding of the food resources used by top predators is essential for identifying 
their habitat requirements. While prey availability can directly affect the distribution of 
populations (e.g., Bearzi et al. 2008), changes to the sources of organic matter at the base of 
food webs can influence apex predators through more indirect pathways (Baker et al. 2007). 
Submarine canyons are often hotspots for top predators, including deep-diving cetaceans 
such as sperm whales (Vetter 1994, MacLeod & Zuur 2005, Moors-Murphy 2014). Although 
this appears to be driven by high food availability, it remains poorly understood what 
sources fuel such high productivity, and what makes top predators especially attracted to 
canyon habitats.  
Submarine canyons are situated at the interface between coastal and pelagic deep-sea 
habitats, so organic matter subsidies can originate from various sources. Complex 
interactions between topography and hydrography in canyons can greatly enhance pelagic 
primary productivity by supplying nutrient-rich deep waters to the photic zone (Ryan et al. 
2005, Moors-Murphy 2014). Channelling and entrainment of particulate organic materials 
can also enhance deposition in canyons (Shepard & Dill 1966, McHugh et al. 1992, van 
Oevelen et al. 2011). One of the main sources of organic matter is the downward flux of 
pelagic production as ‘marine snow’ from the photic zone (Sumich 1999), including 
phytoplankton and zooplankton detritus, faecal pellets, and bacteria (Smith et al. 1996). In 
addition, submarine canyons can act as conduits for the transport of substantial quantities 
of macroalgal detritus to deep-sea communities (Harrold et al. 1998, Vetter & Dayton 1998, 
1999, Krause-Jensen & Duarte 2016).  
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The number of sperm whales in the foraging ground of the Kaikōura Canyon has declined 
over the last three decades (van der Linde 2009, Somerford 2018). It is possible that this trend 
reflects a shift in whale distribution, driven by oceanographic or ecological changes that 
affect food availability. It is therefore important to investigate what sources of organic matter 
sustain the whales’ food web, and which prey types are important in their diet. The Kaikōura 
Canyon has high levels of net primary production in epipelagic waters (Leduc et al. 2014) 
and is very close to coastal macroalgal communities that line the shore (Shears & Babcock 
2007). Photographic surveys have shown macrophyte detritus on the canyon seafloor (De 
Leo et al. 2010). Pelagic primary production and subsidies from coastal macroalgae are thus 
two likely sources contributing to the high productivity of the canyon.  
The only published information on the diet of sperm whales in New Zealand comes from an 
analysis of the stomach contents of 133 whales caught in the wider Cook Strait/Kaikōura 
region during the 1960s (Gaskin and Cawthorn 1967). Their analysis showed that the whales’ 
main prey was Onychoteuthid squid (commonly known as warty squid), but that demersal 
fish made up a high proportion of their diet (about a third of their stomach contents by 
weight, based on quantitative analysis of nine whales). The analysis also suggested seasonal 
differences in prey consumption, with some demersal fish being caught mostly in winter. 
However, stomach contents analyses can only provide a ‘snapshot’ of diet over the previous 
hours or days, and the Gaskin & Cawthorn study took place nearly 60 years ago. Considering 
the decline in the number of sperm whales foraging in the Kaikōura region, it is important 
to learn about their current diet. Given the extreme benthic productivity of the Kaikōura 
Canyon (De Leo et al. 2010), and that demersal foraging is one of the feeding strategies of 
Kaikōura sperm whales (Miller et al. 2013a, Guerra et al. 2017), demersal prey may be 
particularly important for them.  
Stable isotope analysis (SIA) is a useful tool to investigate the food resources used by 
predators. Natural differences in stable isotope ratios of carbon (δ¹³C) and nitrogen (δ¹⁵N) 
among primary producers can be used to identify the pathways of organic matter through a 
food web (Fry 2006). Thus, SIA is useful to quantify the relative contributions of different 
sources of organic matter sustaining a consumer, even when the trophic links between them 
(i.e., prey) are not well known. This ecological application has been used across a diverse 
range of habitats and species, from dolphins in fiords (Lusseau & Wing 2006) to flamingos 
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in wetlands (Yohannes et al. 2014), and can produce valuable information for the 
management and conservation of biological communities. SIA is also useful to investigate 
predator-prey relationships (Newsome et al. 2010a, Ruiz-Cooley et al. 2012). Although the 
contribution of particular species to the diet of a predator cannot be resolved, SIA can 
quantify the importance of different prey groups over a longer time scale than stomach 
content analyses, as isotope ratios reflect diet integrated over several months (Peterson & Fry 
1987, Newsome et al. 2010a). The shift in δ13C and δ15N that takes place as a consumer 
incorporates its diet into its own tissues is known as ‘trophic discrimination factor’ (TDF; 
Peterson & Fry 1987). Because TDF in δ¹³C is small with each trophic transfer (around 0.5 - 
1‰), values of δ¹³C in a consumer can be used to identify the organic carbon sources at the 
base of its food web (DeNiro & Epstein 1978, Peterson & Howarth 1987). Shifts in δ¹⁵N are 
larger (2 - 4‰ per trophic transfer), and are thus useful to estimate the trophic level of a 
consumer (DeNiro & Epstein 1981, Post 2002). 
In the present study, I investigated the food resources utilised by sperm whales foraging in 
and around the Kaikōura Canyon. Given the high pelagic primary productivity of the 
canyon (Leduc et al. 2014) and the proximity of the canyon to coastal macroalgal 
communities, these carbon sources were considered the two most likely candidates to be at 
the base of the whales’ food web. Specific questions included: 
1) What are the relative contributions of pelagic productivity vs coastal macroalgae 
as sources of carbon fuelling the food web that sustains sperm whales? 
2) What is the trophic level of sperm whales foraging at Kaikōura? 
3) How does the whales’ food web vary between summer and winter? 
4) What can be learnt about the relative importance of squid vs demersal fish in the 
whales’ diet? 
To address these questions, I used stable isotope analyses of sperm whales, potential prey, 
and candidate source pools of organic matter, and applied isotopic mixing models (Phillips 
& Gregg 2001, Phillips 2012; e.g., Markel & Shurin 2015, von Biela et al. 2016) to investigate 
the relative contribution of primary producers. With these data, I aimed to better understand 
which biological communities and trophic pathways sustain the sperm whales. 
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3.2. Methods 
3.2.1. Sample collection and preparation 
Samples of SPOM, macroalgae, krill, fish, squid and sperm whales were collected from the 
Kaikōura Canyon and surrounding areas between January 2014 and January 2017. Research 
was conducted aboard a 6 m outboard-powered boat. I aimed to account for seasonal and 
spatial variation in isotopic signatures of primary carbon sources (Wing et al. 2008, Guest et 
al. 2010, Hepburn et al. 2011) by sampling in autumn/winter (May, June, July; hereafter 
winter) and spring/summer (November, December, January; hereafter summer), and at 
different locations across the research area (Fig. 3.1). 
Marine SPOM (suspended particulate organic matter) predominantly reflects photosynthetic 
production by marine phytoplankton (Williams & Gordon 1970) but can include organic 
particulates from other origins such as detritus and recycled microbial production, in 
addition to microzooplankton (Wakeham & Lee 1993, Middelburg & Nieuwenhuize 1998). 
SPOM was therefore used to characterise ‘pelagic production’, without assuming it was 
exclusively primary production. Coastal macroalgae were used to represent marine 
macrophyte production. 
Pelagic SPOM was obtained from water samples collected in summer and winter of 
2015/2016, from a 5 m depth using a Niskin bottle. Collection sites were randomly distributed 
within the Conway Trough, upper and lower Kaikōura canyon (Fig. 3.1). In addition, deep 
SPOM was collected from a depth of 300 m in an attempt to characterise the organic matter 
below the photic zone, where older and more heavily recycled material is potentially more 
abundant than newly synthesized primary production (i.e., from phytoplankton) (Wakeham 
1995). The aim of collecting deep SPOM was to identify the isotopic signature of microbially 
recycled pelagic material. SPOM samples were pre-screened by passing through a 200 μm 
mesh to remove large particles and zooplankton, and then filtered through pre-combusted 
GF/F filters (0.7 μm pore size) with the aid of a vacuum pump. Filters with SPOM were oven 
dried at 40-50°C for 12 h and stored in a desiccator until analysis. Before analysis, filters were 
acid-fumed with HCl (11.65 M) for 8 h at room temperature to remove carbonates, and oven 
dried at 50°C for 12 h to remove any traces of acid (Lorrain et al. 2003). Filters were packed 
into tin capsules for isotope ratio mass spectrometry (IRMS).  
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Figure 3.1. Locations of samples collected for stable isotope analysis in the Kaikōura region. Sampling 
sites of macroalgae, fish, and krill represent multiple specimens collected from the same location, 
while SPOM, squid and sperm whale locations represent individual samples. The exact locations of 
some fish and squid provided by fishermen were unknown and therefore excluded from this map. 
Depth contours show 500, 1000, 1500 and 2000 m isobaths, and the study area is represented by the 
red dotted line (offshore bounds are 12 nmi navigational limits). 
 
Pelagic SPOM was also visually inspected to aid the interpretation of its origins. Samples of 
120 ml were collected and preserved with Lugol solution (1% concentration). Samples were 
screened through a 200 μm filter and placed in a sedimentation chamber for 24 h. SPOM 
contents were then examined under a compound microscope (20x magnification) by 
counting and estimating the area of cells and organic matter particles (such as fragments of 
faecal pellets). Cells were identified into broad taxa, including diatoms, dinoflagellates, and 
ciliates.  
Macroalgae were collected from three sites via SCUBA and shore collection (Fig. 3.1), during 
in summer and winter of 2015/2016. The most dominant species in the area were chosen 
based on highest algal biomass (Shears & Babcock 2007). These included the following large 
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macroalgae: Ecklonia radiata, Marginariella boryana, Lessonia variegata, Landsburgia quercifolia 
and Carpophyllum maschalocarpum (Shears & Babcock 2007), in addition to Durvillaea willana. 
All these species of macroalgae are palatable to invertebrates and/or fish (Villouta et al. 2001, 
Cornwall et al. 2009, Duarte et al. 2010, Suárez Jiménez et al. 2015, Baker et al. 2016), so have 
the potential to provide a direct source of organic carbon to pelagic and deep-sea 
communities. Although D. willana was not recorded as a dominant kelp species in the sites 
surveyed by Shears & Babcock (2007), it was included in this study due to its high biomass 
along the coast fringing the study area, further south of the sites they surveyed. Between two 
and three plants of the four most abundant species were collected at each site. These were 
gathered from different depths (0-5 m, 5-10 m, 10-15 m) whenever available, to account for 
potential isotopic variability driven by depth (Hepburn et al. 2011). Macroalgae were rinsed 
with distilled water and stored frozen until analysis. For analysis, macroalgae samples were 
gently scraped with a blunt blade to remove epiphytes (Dauby & Poulicek 1995), oven dried 
at 60°C for 48 hours, and homogenised into fine powder using a ball mill machine. Aliquots 
of 2 mg (±0.1 mg) were packed into tin capsules for IRMS. The means of δ13C and δ15N across 
the three sites were used to characterise the macroalgal source pool used in the isotopic 
mixing models (see below). This average was not weighted according to species biomass 
because the relative abundance and contribution of each species to the ecosystem was 
unknown. Although I analysed fresh samples, macroalgae  are more likely to enter the food 
web as detritus (Krumhansl & Scheibling 2012, Krause-Jensen & Duarte 2016). Stable isotope 
values of macroalgae are fairly robust to decomposition (Fenton & Ritz 1988, Markel & 
Shurin 2015), so I assumed minimal influence on isotope values. 
Krill were collected to represent low-trophic-level consumers of the pelagic food web and 
aid with food web interpretation. Euphasiid krill were collected opportunistically from 
aggregations at the surface (Fig. 3.1), kept on ice packs until the end of each field day, and 
stored frozen until analysis. Individual krill were dissected under a stereo-microscope to 
extract the abdominal muscle (third and fourth abdominal segments), excluding the 
exoskeleton and gut (Schmidt et al. 2003). 
Fish and squid were sampled opportunistically to characterise the potential prey targeted by 
sperm whales. Fish were supplied by commercial fishermen using demersal set nets at 
depths of 250 – 500 m (Fig. 3.1). Squid were collected from the water surface, fresh beach-
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strandings, and from the stomachs of fish caught in set nets (Fig. 3.1). Squid muscle samples 
were cut from the edge of the mantle. Fish samples were dissected from the dorsal muscle 
behind the skull, or from the ventral muscle behind the jaws if the dorsal muscle could not 
be obtained. Fish and squid samples were rinsed with distilled water and stored frozen until 
analysis. The fish and squid used in this study included: 
- species recorded as frequent prey for sperm whales in the Cook Strait/Kaikōura 
region, based on stomach contents analyses (Gaskin & Cawthorn 1967), including 
warty squid (Onykia sp.), southern arrow squid (Nototodarus sloanii), ling (Genypterus 
blacodes) and hāpuku (also known as groper, Polyprion oxygeneios) 
- species known to be occasional prey for sperm whales (Gaskin & Cawthorn 1967), 
including giant squid (Architeuthis sp.), kitefin shark (Dalatias sp.) and dory species 
(Cyttus sp) 
- species that are not confirmed prey items of sperm whales but are common in the 
Kaikōura Canyon, have similar body sizes and depth distributions as the confirmed 
prey species, and could therefore be potential prey, including hoki (Macruronus 
novaezelandiae), bluenose (Hyperoglyphe antarctic), hake (Merluccius australis) and blue 
shark (Prionace glauca) 
Opportunistic sampling of prey items in faecal plumes was carried out while following 
sperm whales at the surface. Squid beaks were collected with a dip-net, cleaned with fresh 
water, dried at air temperature and stored in sealed bags. I also recorded opportunistic 
observations of dead squid with tooth marks presumed to be from sperm whales.  
Sloughed sperm whale skin was collected with a dip-net while following a whale at the 
surface or entering the slick after it had fluked (Fig. 3.1), as detailed in the methods of 
Chapter 2. The identity of each whale was determined via photographic identification using 
the unique pattern on the trailing edge of the flukes (Childerhouse et al. 1995).  
3.2.2. Lipid extraction and stable isotope analysis 
Muscle and skin samples from all animal specimens were subsampled to measure δ13C from 
lipid-extracted material and δ15N from untreated material (Sweeting et al. 2006, Post et al. 
2007). In the case of sperm whales, δ13C and δ15N values were obtained from lipid-extracted 
samples, since the error in δ¹⁵N caused by lipid extraction of skin is within the analytical 
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error of isotope ratio mass spectrometry (Chapter 2). The methods for sample preparation, 
lipid extraction and IRMS were the same as those detailed in Chapter 2. Measurement of 
stable isotope ratios of δ13C and δ15N were performed by Iso-Trace (University of Otago). 
Approximately 20% of the samples were measured in duplicates (i.e., two aliquots of the 
same sample) to estimate the precision of IRMS from this study. The isotope ratios from 
duplicate samples were averaged for further analysis. 
If more than one skin sample was obtained from the same whale within a season, the average 
isotope ratios were used for further analysis. This way, a maximum of one isotopic signature 
per season was available for each whale. Sperm whales at Kaikōura have a wide range of 
sighting frequencies (Childerhouse et al. 1995), which are assumed to reflect the relative 
extent to which they use the canyon area for foraging (Chapter 2). To maximise the likelihood 
of characterising the Kaikōura-based food web, whales that used the canyon infrequently 
were excluded from this analysis. Thus, samples from whales with an average sighting 
frequency of fewer than 2 days/season (i.e., 0.06 after standardising for field effort) were 
excluded. Although there was no clear bimodality in the distribution of sighting frequencies, 
a cut-off of 2 days/season was chosen to include only whales that were re-sighted at least 
once within a season (frequency distribution in Appendix 1, Fig. A1.5). This decision rule 
excluded 22 whales, leaving a total of 45 samples from 15 different whales.  
3.2.3. Determination of organic matter sources sustaining sperm whales at Kaikōura 
In order to trace the relative contributions of different organic matter sources to a consumer’s 
diet, those source pools need to be isotopically distinct (Phillips & Gregg 2001, Phillips 2012). 
Differences in δ13C and δ15N between the SPOM and macroalgal pools were assessed based 
on their means and 95% confidence intervals (CI). The statistical significance of the difference 
in means was tested using two-sample t-tests for unequal variances (Harraway 1993), with 
significance set at the 5% level (α = 0.05). Prerequisites of normality were evaluated using a 
Shapiro-Wilk test (Shapiro & Wilk 1965). Because deep SPOM was isotopically 
indistinguishable from pelagic surface SPOM (see results), deep SPOM was not used as a 
proxy for microbially recycled material and was excluded from further analysis.  
The isotopic setting for sperm whales was visualised by plotting the individual δ15N and δ13C 
values from whales sampled in summer and winter in the context of candidate source pools 
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and their isotopic projections (i.e., their estimated signature at increasing trophic levels). The 
relative importance of pelagic surface SPOM and coastal macroalgae in fuelling the whales’ 
food web was investigated using two different approaches: isotopic mixing models and food 
web δ13C-δ15N correlations. 
3.2.3.1. Isotopic mixing models and trophic level estimation 
Isotopic mixing models (Phillips & Gregg 2001, Phillips 2012) estimate the relative 
contribution (or ‘mixture’) of the primary sources of organic carbon sustaining a consumer. 
The models are based on the δ13C values of the candidate source pools and the consumer, 
and on an estimated value of isotopic shift (or trophic discrimination factor, denoted TDF or 
∆X) for each step in the food web. A two-step iterative method was used to calculate the 
contribution of each organic matter source and the trophic level of individual whales.  
- Step 1: a two-source model (following Phillips & Gregg 2001) was used to estimate 
the relative contribution of coastal macroalgae and pelagic production to each sperm 
whale using δ13C, based on the following mass balance equations: 
 
δ13Cwhale =  fA δ
13CA +  fB δ
13CB 
fA +  fB = 100% 
where f is the contribution of each source, and δ13CA and δ13CB are their isotopic values 
corrected for isotopic shift. The results of this model were used to estimate the 
corresponding δ15N of the ‘mixture’ of organic matter sources supporting each 
individual (δ15Nmix base), and the trophic level (TL) of each individual, according to the 
following equations: 
δ15Nmix base =  fA δ
15NA + fB δ
15NB 
TL =  (δ15Nwhale −  δ
15Nmix base)/∆N 
where δ15NA and δ15NB are the isotopic values of each source, and ΔN is the TDF for 
δ15N. The TL of primary producers is designated as 0. 
- Step 2: the estimate of trophic level was iterated back into the mass balance model 
until a stable solution was reached for the mixture of organic matter sources and 
trophic level. 
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I used the average TDF for aquatic marine environments of +0.96‰ (SE ±0.18) for δ13C and 
+2.39‰ (SE ±0.18) for δ15N (Caut et al. 2009). These values were chosen because a distinction 
is made between TDFs measured in marine vs freshwater environments2, and marine TDFs 
are typically higher at around +1‰ (France & Peters 1997, Michener & Lajtha 2007, Caut et 
al. 2009). For the last trophic step (prey to sperm whale) I used the closest available taxon 
and tissue-specific values of +1.01‰ (SE ±0.18) for δ13C and +1.57‰ (SE ±0.26) for δ15N, from 
bottlenose dolphin skin (Giménez et al. 2016, consistent with Browning et al. 2014).  
The accuracy of mixing model estimates can be greatly influenced by how well the TDFs 
reflect the true trophic enrichment in a food web. Due to the high variability in TDFs among 
taxa, diet, environment and trophic level (McCutchan et al. 2003, Caut et al. 2008), and the 
difficulty of measuring TDFs in food webs in the wild, this assumption is easily violated in 
marine food web studies (Vanderklift & Ponsard 2003, Newsome et al. 2010b, von Biela et al. 
2016). The results of the mixing model were therefore tested for sensitivity to trophic shift 
variation by altering the assumed TDF in δ13C and δ15N by ±1 SE (as in McLeod & Wing 2007, 
Jack & Wing 2011), and recalculating the relative contributions of organic matter sources and 
the estimated trophic level of sperm whales.  
Another assumption of the mixing models is that the organic matter source pools are well 
represented by their isotopic signatures. Due to the difficulty of characterising the base of 
pelagic food webs from SPOM (Bowes & Thorp 2015), this assumption can be a source of 
error in food web modelling. The mixing models were tested for sensitivity to trophic source 
variation by altering the δ13C signatures (both macroalgae and SPOM) by ±1 SE of the 
measured values. In addition, due to the variation in palatability of SPOM to primary 
consumers (e.g., zooplankton), not all its constituents are grazed in the same proportion 
(Meyer & El-Sayed 1983, Haberman et al. 2003). One way to account for the potential effect 
of this selective filter is to estimate the isotopic signature of the SPOM that is transferred up 
                                                          
2 The study by Caut et al. (2009) proposes a method to estimate values of TDF in cases where these 
cannot be measured experimentally. This method is based on linear relationships between the stable 
isotope composition of diet and isotope discrimination factors from a meta-analysis. This application 
has been criticised (Perga et al. 2010) because such relationships do not necessarily reflect relevant 
trends that can be extrapolated to the field. In the present study, I did not use the extrapolation 
method, but simply used the reported average values of TDF for marine environments, with the 
unavoidable assumption that the TDF values in the food web studied here will fall within the range 
of those reported by Caut et al. (2009). 
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the pelagic food chain (‘grazed SPOM’) based on the signature of pelagic primary 
consumers:  
∆Xgrazed SPOM =  δXprimary consumer  −  TLprimary consumer ∆X 
The isotopic signatures of euphasiid krill Nyctiphanes australis and Euphausia lucens were 
used for this purpose, as they are low trophic level consumers near the base of the food web, 
and abundant at Kaikōura (Bradford 1972). I assigned krill a trophic level of 1.5, based on a 
mixed diet of phytoplankton, micro-zooplankton and detritus (Stuart 1986, Dalley & 
McClatchie 1989, Ritz et al. 1990, Stuart & Pillar 1990). The estimated isotopic signature of 
selectively grazed SPOM was included in the sensitivity model as an alternative way to 
characterise pelagic production. This approach did not account for how SPOM might be 
transferred up the food web through a benthic pathway (e.g., after sinking to the seafloor), 
but provided an additional line of analysis to characterise organic matter sources and to test 
the robustness of the mixing models. 
Seasonal differences (summer vs winter) in the organic source contributions and trophic 
level of sperm whales were evaluated with two-sample t-tests. Based on seasonal differences 
in the isotope ratios of sperm whales, separate models were created for whales sampled in 
summer and winter. 
3.2.3.2. Food web δ13C-δ15N correlations 
High δ13C-δ15N correlations within food web communities typically indicate a single and 
isotopically homogenous organic source pool, while low correlations point to a wider array 
of organic sources, or a single but intrinsically heterogeneous source (Polunin et al. 2001, 
Fanelli et al. 2011a, 2013). This is based on the principle that the use of multiple sources of 
organic matter by consumers will be reflected in a wider array of δ13C values at a certain 
trophic level, weakening the correlation with δ15N among individual consumers (Fannelli et 
al. 2011a). The δ13C-δ15N correlation between sperm whales and assumed prey was first 
estimated to assess whether there was more support for a food web fuelled by a dominant 
carbon source or by a mixture. The strong correlation (see results) suggested a dominant 
carbon source. Thus, SPOM and macroalgae isotope ratios were added independently to the 
sperm whale and prey trophic community to compare the strength of the relationships that 
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included each alternative source. The relationships were estimated using simple linear 
regressions, with the regression coefficient (R2) as a measure of strength of each relationship. 
This approach was used to compare the strength of evidence supporting a mostly pelagic 
versus a mostly macrophyte-derived food web, without attempting to estimate their relative 
contribution. The correlations did not require prior knowledge on the TDF between trophic 
levels or on the trophic position of sperm whales. 
3.2.4. Isotopic position of sperm whales relative to their potential prey 
The estimated signature of the sperm whales’ diet was compared to the isotopic signatures 
of potential prey species. This was done to assess the potential contribution of squid and fish 
to their diet and explore possible predator-prey relationships. The δ13C and δ15N values of 
sperm whale diet were projected from the whales’ mean isotopic signature and calculated as 
δXdiet = δXsperm whale – TDFX, where X is 13C or 15N. This equation used TDF values of +1.01‰ 
δ13C (SE ±0.18) and +1.57‰ δ15N (SE ±0.26) from bottlenose dolphin skin (Giménez et al. 
2016). Quantifying the relative contribution of different fish and squid groups to the diet of 
sperm whales was beyond the scope of this study, as it would have required samples of the 
full suite of prey species. This was not possible because not all the potential prey species 
within the ecosystem could be sampled or are known.  
3.2.5. A note on reporting isotopic variability 
As in Chapter 2, summarised data on the isotope ratios of sperm whales and other taxa are 
presented as means ±1 standard deviation (SD), rather than standard errors (SE). This was 
to better reflect the variability among samples and to allow for comparisons with other 
studies on the isotopic signatures of sperm whales (Marcoux et al. 2007, Ruiz-Cooley et al. 
2012, 2014). In cases in which the difference in means between groups was being statistically 
evaluated (based on a t-test), 95% CIs are presented. SE are used, however, in the sensitivity 
analysis and to express uncertainty around mean TDFs from literature values, as this is the 
metric used in the literature (McCutchan et al. 2003, Caut et al. 2009, Giménez et al. 2016), 
and the measure of error typically used in studies employing isotopic mixing models 
(Phillips & Gregg 2001, McLeod & Wing 2007, Markel & Shurin 2015). 
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3.3. Results 
3.3.1. Isotopic composition of consumers and primary producers from Kaikōura 
A total of 213 isotopic signatures were obtained from sperm whales, potential prey (three 
squid and eight fish species), two krill species, and two organic matter sources (pelagic 
SPOM and large coastal macroalgae) (Fig. 3.2a, b, Table 3.1). A total of 45 samples were used 
from 15 different whales. Of the species previously identified as sperm whale prey (Gaskin 
& Cawthorn 1967), a minimum of three samples was obtained for warty squid, giant squid, 
arrow squid, ling and hāpuku. The variation in δ13C and δ15N measured from duplicate 
samples of all taxa (Appendix 1, Table A1.1) was, on average, ±0.06‰ for δ13C (SD = 0.07, n 
= 51) and ±0.14‰ for δ15N (SD = 0.17, n = 51), falling within the expected error of IRMS 
(±0.10‰ for δ13C and ±0.20‰ for δ15N). Lipid extraction resulted in the δ15N values of fish 
and squid changing on average by ±0.3 and ±0.5‰, respectively (Appendix 1, Table A1.1). 
δ15N from untreated samples were therefore used for further analysis, in conjunction with 
δ13C from lipid-free samples. 
Coastal macroalgae showed a wide range of δ13C values, with a relatively narrow range of 
δ15N. Surface SPOM had a narrower δ13C range than macroalgae, but a slightly wider δ15N 
range (Fig. 3.2b, Table 3.1). SPOM from 300 m depth was not isotopically distinct from 
surface SPOM (p = 0.34, Fig. 3.2b, Table 3.1), therefore it could not be used to identify a 
trophic pathway of recycled production distinct from new production and was not used for 
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Figure 3.2. Isotopic composition of sperm whales, potential prey, krill, and organic matter source 
pools from Kaikōura. (a) Raw data on isotopic signatures; (b) Isotopic means ± 1 SD. Only prey known 
to be targeted by sperm whales are shown here; see Fig. 3.5 for all sampled potential prey. The δ¹³C 
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Table 3.1. Measured values of δ15N, δ13C and C:N (mean ± 1 SD) of organisms collected at Kaikōura. 
δ13C and C:N values of consumers are from lipid-free samples.  
 
 




    
 
Sperm whale (Physeter macrocephalus) 45 16.0  ±  0.4 -16.7  ±  0.4 4.2  ±  0.2 
Secondary/tertiary consumers – species  
previously identified as sperm whale prey 
 
Giant squid (Architeuthis sp.) 4 13.8  ±  1.6 -17.9  ±  0.5 2.9  ±  0.5 
 
Warty squid (Onykia sp.) 6 13.0  ±  1.6 -19.3  ±  1.2 2.2  ±  0.6 
 
Southern arrow squid (Nototodarus sloanii) 9 13.0  ±  1.1 -18.1  ±  0.8 3.6  ±  0.1 
 
Ling (Genypterus blacodes) 11 15.8  ±  0.7 -16.7  ±  0.5 3.6  ±  0.0 
 
Hāpuku (Polyprion oxygeneios) 13 14.7  ±  1.0 -17.5  ±  0.6 3.6  ±  0.0 
 
Kitefin shark (Dalatias sp.) 2 14.7  ±  0.1 -16.7  ±  0.0 3.2  ±  0.0 
 Silver dory (Cyttus sp.) 1 15 -16.8 3.6 
Secondary/tertiary consumers 
 Hake (Merluccius australis) 2 14.9  ±  1.8 -17.6  ±  0.8 3.7  ±  0.0 
 
Hoki (Macruronus novaezelandiae) 2 14.7  ±  0.1 -17.3  ±  0.4 3.6  ±  0.1 
 
Bluenose (Hyperoglyphe antarctic) 3 15.8  ±  0.4 -18.5  ±  0.1 3.7  ±  0.0 
 Blue shark (Prionace glauca) 1 13.3 -17.9 3.1 
Pelagic primary consumers 
    
 
Krill (Nyctiphanes australis) 25 9.4  ±  0.3 -20.8  ±  0.3 3.9  ±  0.0 
 Krill (Euphausia lucens) 5 9.8  ±  0.7 -20.4  ±  0.4 4.0  ±  0.1 
Primary producers 
    
 
Surface SPOM (5 m) 25 4.3  ±  1.9 -25.1  ±  1.4 8.3  ±  1.3 
 
Deep SPOM (300 m) 7 4.9  ±  1.1 -24.5  ±  1.3 8.7  ±  0.8 
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3.3.2. Contents of pelagic SPOM 
Six water samples were visually examined to quantify the relative proportions of organic 
components in SPOM. Plankton made up the largest proportion by surface area (between 77 
and 91%), with varying amounts of detrital organic matter (between 8 and 22%). Diatoms 
(autotrophic primary producers) were the most abundant plankton group, closely followed 
by ciliates and dinoflagellates (Appendix 1, Table A1.2, Fig. A1.6). Most of the identified 
ciliates were heterotrophic micro-zooplankton (mostly tintinnids) and some mixotrophs 
(e.g., Laboea sp). The density of ciliates was relatively high at >1/ml. The biomass of the 
different groups was not estimated, therefore observations of SPOM were used only as an 
approximate guide to its contents. 
3.3.3. Organic matter source pools and seasonal differences in isotopic composition 
The mean δ13C and δ15N signatures of pelagic SPOM were significantly lower than those of 
coastal macroalgae (p < 0.001 for both δ13C and δ15N; Fig. 3.2b, Table 3.2). There were no 
significant differences between the summer and winter isotopic signatures of either 
macroalgae (p = 0.16 for δ13C, p = 0.23 for δ15N) or pelagic SPOM (p = 0.45 for δ13C, p = 0.15 
for δ15N), indicating low seasonal variability (Appendix 1, Fig. A1.7). Isotopic signatures 
from both seasons were thus averaged for further analysis, and the means for each organic 
source were used in the mixing models to estimate their relative contribution to sperm 
whales. Due to high wave exposure at one site during winter, macroalgae samples were 
collected from two sites only, resulting in a smaller sample size than summer (Table 3.2). 
Based on the small variation in isotopic signatures among sites (Appendix 1, Fig. A1.8a), it 
was assumed that this would not bias the isotopic characterisation of macroalgae in winter. 
After correcting for selective grazing by krill, the isotopic signature for ‘grazed SPOM’ was 
estimated at δ15N = 5.9‰ (SD = 0.4) and δ13C = -22.2‰ (SD = 0.3). Isotope ratios of corrected 
SPOM and coastal macroalgae were significantly different (p < 0.001; Table 3.2). This allowed 
for their isotopic distinction in the mixing models. 
Seasonal comparisons of the isotopic composition of sperm whales indicated a significant 
difference in δ13C (p < 0.001), with the mean δ13C of whales sampled in summer 0.48‰ higher 
than those sampled in winter (Table 3.2, Fig. 3.3). The mean δ15N was also higher in whales 
sampled in summer (by 0.28‰), although the statistical significance of the difference was 
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marginal (p = 0.04; Table 3.2, Fig. 3.3). To assess seasonal differences in the relative 
contribution of carbon source pools to sperm whales, mixing model estimates of these 
contributions were compared between winter and summer. 
 
Table 3.2. Seasonal differences in measured values of δ15N, δ13C and C:N of sperm whales and primary 
source pools from Kaikōura. Values are expressed as means ± 95% CI. Significant differences in mean 
isotope ratios between summer and winter are indicated by ‘*’. δ13C and C:N ratios of sperm whales 




δ¹⁵N (‰)  
mean (95% CI) 
δ¹³C (‰)  
mean (95% CI) 
C:N mol ratio 
mean (95% CI) 
Sperm whales 
    
 
summer 22 16.1 (15.9, 16.3) * -16.4 (-16.5, -16.3) * 4.1 (4.0, 4.2) * 
 winter 23 15.8 (15.6, 16.0) * -16.9 (-17.0, -16.8) * 4.3 (4.2, 4.3) * 
Surface SPOM 
    
 
summer 10 5.0 (3.7, 6.3) -25.4 (-26.2, -24.2) 7.4 (6.7, 8.1) * 
 winter 15 3.8 (2.7, 4.9) -24.9 (-25.5, -24.3) 9.0 (8.4, 9.6) * 
 overall 25 4.3 (3.5, 5.1) -25.1 (-25.7, -24.5) 8.3 (7.8, 8.8) 
Estimated grazed SPOM 
summer 8 6.0 (5.8, 6.2) -22.2 (-22.4, -22.0) n.a. 
winter 22 5.7 (5.5, 5.9) -22.2 (-22.4, -22.0) n.a. 
overall 30 5.9 (5.7, 6.1) -22.2 (-22.3, -22.1) n.a. 
Large macroalgae     
 
summer 35 8.2 (7.9, 8.5) -15.6 (-16.7, -14.5) 29.3 (25.9, 32.8) 
 winter
 16 8.5 (8.0, 9.0) -16.9 (-17.9, -15.9) 33.4 (29.0, 37.8) 
 overall 51 8.3 (8.1, 8.5) -16.0 (-16.8, -15.2) 30.6 (27.9, 33.3) 
 
3.3.4. Sperm whale food resources: organic source pool utilization and trophic level 
The isotopic setting for sperm whales was visualised by plotting the individual δ15N and δ13C 
values from whales sampled in summer and winter in the context of candidate source pools 
and their estimated signature at increasing trophic levels (Fig. 3.3). The whales’ isotopic 
signatures fell between the projected signature of pelagic SPOM and coastal macroalgae, 
sitting closest to the projected signature of grazed SPOM at 4-5 trophic increments. The δ15N 
span of sperm whale signatures (1.7‰) was of approximately one trophic level (1.57 ± 0.26 
SE, Giménez et al. 2016). 
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Figure 3.3. Isotope ratios of candidate primary carbon sources and sperm whales off Kaikōura. The 
δ15N and δ13C values of the carbon sources are represented by filled triangles. The estimated projected 
signatures at increments of +1 trophic levels (after correcting for TDF) are represented by empty 
triangles, showing up to 5 trophic levels. Error bars represent accumulated SE (isotopic signature SE 
+ TDF SE). Isotope ratios of sperm whales sampled in summer are shown in red circles, and whales 
sampled in winter in blue circles. 
 
3.3.4.1. Mixing model estimates 
The estimated contributions of pelagic SPOM and coastal macroalgae to the whales’ food 
web were very sensitive to source pool characterisation and choice of TDF, with the SPOM 
contributing between 41 and 97% under different scenarios (Table 3.3a). The model estimates 
based on the measured values of SPOM and macroalgae suggested an important 
contribution from both sources, but slightly higher from SPOM. SPOM contribution varied 
from 41 to 71%. Within this range, choice of higher values for TDF resulted in higher 
estimated contributions of SPOM. When corrected for selective grazing by pelagic 
zooplankton, SPOM was the dominant source pool. In this scenario, 61 – 97% of the organic 
matter used by sperm whales originated from SPOM, and 3 – 39% from macroalgae. Again, 
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Table 3.3. Sensitivity analysis in the estimation of (a) relative contribution of SPOM and macroalgae 
to the sperm whales’ food web at Kaikōura, and (b) trophic level of sperm whales. Mixing model 
estimates are shown for a set of source pool isotopic signatures and of TDF values (i.e., enrichment 
per trophic level). The mixing model estimates are expressed as means. For clarity, the SE around each 
estimate (based on inter-individual differences in sperm whales’ isotopic signatures, n = 45) is not 
shown in the table, but was within ±1% of SPOM contribution and within ±0.03 trophic levels in all 
cases. For ease of interpretation, sensitivity to TDF is shown only for the shift that caused the most 
variation (Δδ¹³C for organic source contribution, and Δδ¹⁵N for sperm whale trophic level). Notes: 
1’Grazed SPOM’ isotope ratios are those estimated after correction for a selective grazing filter (see 
text, section 3.3.4). The isotope ratios of source pools and values of TDF used in the mixing models 
are shown in Table 3.5. 
 
(a) CONTRIBUTION OF SPOM (%) vs 
MACROALGAE: 
If TDF (Δ δ¹³C) = 
- 1 SE mean + 1 SE 





- 1 SE 41 51 62 
mean 45 56 67 
+ 1 SE 50 60 71 
Grazed SPOM1 
- 1 SE 61 77 93 
mean 65 79 95 
+ 1 SE 68 82 97 
 
(b) SPERM WHALE TROPHIC LEVEL: 
If TDF (Δ δ¹⁵N) = 
- 1 SE mean + 1 SE 





- 1 SE 4.9 4.4 4.0 
mean 5.0 4.5 4.0 
+ 1 SE 5.1 4.6 4.1 
Grazed SPOM1 
- 1 SE 4.8 4.3 3.9 
mean 4.8 4.4 4.0 
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Table 3.4. Seasonal differences in the relative contribution of SPOM vs macroalgae to the diet of sperm 
whales at Kaikōura, and trophic level of sperm whales. The mixing model estimates are expressed as 
means. Notes: 1’Grazed SPOM’ isotope ratios are those estimated after correction for a selective 
grazing filter (see text, section 3.3.4).  
SEASONAL DIFFERENCES IN ORGANIC SOURCE POOL CONTRIBUTIONS  
AND TROPHIC LEVEL: 
 
Scenario 1: measured SPOM, measured macroalgae 
Season: 
Contribution of SPOM vs 
macroalgae (%) Trophic level 
Summer 53 (95% CI = 51 - 55) * 4.5 (95% CI = 4.4 – 4.5) 
Winter 59 (95% CI = 57 - 61) * 4.5 (95% CI = 4.4 – 4.6) 
 
 
Scenario 2: estimated grazed SPOM1, measured macroalgae 
Season: 
Contribution of SPOM vs 
macroalgae (%) Trophic level 
Summer 76 (95% CI = 73 - 79) * 4.4 (95% CI = 4.3 – 4.5) 




Table 3.5. Isotope ratios of source pools and TDF used in the mixing models to estimate the relative 
contribution of SPOM and macroalgae to the food web of sperm whales. Values are expressed as 
means ± 1 SE. Source pools have an assumed TL=0. References: 1 Giménez et al. 2016; 2 Caut et al. 2009 
(marine food web). 
 
Organic matter source δ¹³C (‰) δ¹⁵N (‰) 
Measured macroalgae -15.99 (±0.41) 8.26 (±0.12) 
Measured SPOM -25.10 (±0.28) 4.28 (±0.39) 
Grazed SPOM -22.20 (±0.07) 5.89 (±0.07) 
   
TDF Δ δ¹³C (‰) Δ δ¹⁵N (‰) 
Top trophic level 1 1.01 (±0.18) 1.57 (±0.26) 
Remaining trophic levels 2 0.96 (±0.18) 2.39 (±0.18) 
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The mean trophic level (TL) of sperm whales was estimated as 4.5, ranging between c. 4 and 
5. TL was sensitive to variability in TDF, with differences of up to 1.2 TL (Table 3.3b).  The 
sensitivity of TL to the variability in organic source pools was small, with differences of up 
to 0.2 TL.  
The trophic contribution of pelagic production to sperm whales was estimated to be, on 
average, 6-7% higher for whales sampled in winter than for those sampled in summer (Table 
3.4). This difference was statistically significant (p < 0.001) but relatively small. There were 
no significant differences in the trophic level of sperm whales between summer and winter 
(p = 0.76 if SPOM based on measured values, p = 0.50 if SPOM corrected for grazing filter; 
Table 3.4). 
3.3.4.2. Food web δ13C:δ15N correlations 
The δ13C of sperm whales and their potential prey showed an overall isotopic enrichment 
with increasing δ15N, with the δ13C:δ15N linear regression indicating a strong positive 
correlation (R2 = 74%, p < 0.001, Fig. 3.4). The strength of this relationship suggested a food 
web sustained predominantly by one carbon source pool. Thus, the isotopic signatures of 
candidate sources of organic matter were added independently to those of sperm whales 
and their prey. Inclusion of organic matter sources resulted in strong δ13C:δ15N correlations 
in the case of SPOM and estimated grazed SPOM (93% and 96%, respectively, p < 0.001) and 
a weak correlation in the case of macroalgae (3%, p = 0.6). 
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Figure 3.4. δ13C:δ15N correlations of potential food web scenarios. The simple linear regression 
equations and regression coefficients (R2) are shown for isotopic signatures of sperm whales and 
potential prey, as well as for the addition of pelagic production (SPOM), pelagic production corrected 
for grazing selectivity (gSPOM) and coastal macroalgae, as primary sources of organic matter. 
 
The regression slope of the δ13C:δ15N correlation reflects the relationship between the TDFs 
of δ13C vs the TDF of δ15N. The value of the regression slope under each scenario was 
therefore used to assess whether the resulting TDFs would be feasible. Assuming a mean 
δ15N TDF between +2.4‰ (McCutchan et al. 2003, Caut et al. 2009) and +1.6‰ (Browning et 
al. 2014, Giménez et al. 2016) per trophic level, the mean value of δ13C TDF would be between 
+0.9 and +1.3‰ in a food web fuelled mostly by SPOM (corrected for grazing selectivity), 
between +1.2 and +1.8‰ if fuelled mostly by SPOM (based on measured values), and 
between -5.3 and -8.0‰ if fuelled mostly by exports of macroalgae. Of these δ13C TDF values, 
the closest to typical marine food web values (0.96 ± 0.18 SE, Caut et al. 2009) were the ones 
under the scenario of a food web fuelled predominantly by pelagic production, particularly 
when corrected for grazing selectivity. 
 
y = -0.3x + 7.9
R² = 0.03, p = 0.6
y = 1.8x + 45.4
R² = 0.96, p < 0.001
y = 1.3x + 37.9
R² = 0.93, p < 0.001
y = 1.3x + 37.0
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3.3.5. Potential prey in sperm whale diet: isotope ratios and opportunistic observations 
The projected signature of sperm whale diet was compared to the mean isotopic signatures 
of potential prey3. Compared to species previously recorded as prey items in the Cook 
Strait/Kaikōura region (Gaskin & Cawthorn 1967), the estimated signature of sperm whale 
diet was lower than the mean δ13C and δ15N of fish species and higher than the mean δ13C 
and δ15N of squid species (Fig. 3.5). This indicated that the diet was likely a mixture of fish 
and squid. The mean isotopic signatures of prey were depleted in relation to sperm whales, 
with differences ranging from -0.02‰ δ13C, -0.2‰ δ15N (ling) to -2.6‰ δ13C, -3.0‰ δ15N 
(warty squid). The mean isotopic signatures of the sampled prey species spanned ca. 3‰ in 
δ13C and 3‰ in δ15N values, an equivalent to 1-2 trophic levels. 
Isotopic signatures of four unconfirmed but potential prey species (bluenose, hake, hoki and 
blue shark) were characterised to investigate the possibility of a predator-prey relationship 
with sperm whales. Of the four species, hake, hoki and blue shark fell within -1.2‰ δ13C and 
-2.7‰ δ15N of sperm whales and within the isotopic space of other previously confirmed 
prey (Fig. 3.5). Bluenose fell within -1.8‰ δ13C and -0.2‰ δ15N of sperm whales, indicating 
a less likely predator-prey relationship. 
 
                                                          
3 Note on prey body sizes. The warty squid collected at Kaikōura had an average mantle length (ML) of 
43 cm (range 20-52), and the arrow squid of 25 cm (range 20-31). These sizes were within the range of 
the squid found in the stomachs of sperm whales from Cook Strait (warty squid: range 16-45 cm; 
arrow squid: range 21-30 cm, Gaskin & Cawthorn (1967). The isotopic signatures of the collected squid 
were therefore likely to reflect roughly similar life stages of those known to be targeted by sperm 
whales. Fish lengths were not recorded by Gaskin & Cawthorn (1967), but the collected fish sizes (c. 
70-100 cm) were within the range of prey targeted by sperm whales. 
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Figure 3.5. Estimated isotopic signature of the diet mixture of sperm whales in relation to their prey. 
In this figure, ‘Prey’ refers to species that have been previously identified as sperm whale prey in the 
Cook Strait/Kaikōura region (based on Gaskin & Cawthorn 1967) and ‘Potential prey’ refers to species 
that could be prey based on their similar size and distribution to previously confirmed prey. SW = 
sperm whales, DIET = sperm whale diet mixture, LI = ling, DO = silver dory, KS = kitefin shark, HA = 
hāpuku, BN = bluenose, HK = hake, HO = hoki, BS = blue shark, GS = giant squid, AS = arrow squid, 
WS = warty squid. Error bars are ±1 SD. 
 
Seasonal differences in isotopic signatures of prey could not be resolved because few 
samples were available from summer (n = 10 from three squid and three fish species). This 
was due to commercial fishermen switching to inshore fisheries in summer and not having 
a reliable catch of the species targeted in this study. Based on this small sample size, however, 
the δ13C and δ15N values in fish and squid were slightly higher in summer than in winter, 
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Six squid beaks were collected from opportunistic sampling of sperm whale faecal plumes. 
The beaks belonged to Mastigoteuthis sp. and Nototodarus sloaneii. It was unknown if the squid 
were eaten directly by the sperm whales or if they were within the stomachs of other prey. 
In addition, specimens of Onykia ingens were found dead floating at the surface near foraging 
sperm whales on five occasions. In all cases, the individuals were freshly dead. Three of these 
squid had puncture marks 2 – 3 cm in diameter, spaced 8 – 14 cm apart (Fig. 3.6), consistent 
with the tooth spacing of male sperm whales (Best 1979). The squid had mantle lengths of 46 
– 52 cm. 
 
   
Figure 3.6. Warty squid (Onykia ingens) from Kaikōura. These three specimens were collected from 
the water surface in proximity to foraging sperm whales between 2014 and 2017. Arrows indicate 
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3.4. Discussion  
This was the first study to characterise the food web of sperm whales by using stable isotope 
analysis of primary producers and potential prey. The results presented here provide new 
insights into the diet of sperm whales in the Kaikōura region, and suggest that their food 
web is most likely fuelled by pelagic production. Stable isotope analysis was a useful tool to 
examine trophic relations in the Kaikōura Canyon, advancing our understanding of the 
seasonal dynamics in the use of food resources by an apex predator. 
3.4.1. Sources of organic matter 
Two of the major source pools of organic matter in the Kaikōura Canyon and coastal area 
could be differentiated based on stable isotope composition, with pelagic SPOM having a 
more depleted δ¹³C and δ¹⁵N signature than coastal macroalgae. The measured values of δ¹³C 
and δ¹⁵N of macroalgae were consistent with those measured from other temperate habitats 
(Tallis 2009, von Biela et al. 2016), and specifically from New Zealand (Bode et al. 2006, 
Hepburn et al. 2011, Jack & Wing 2011, Stephens & Hepburn 2014). The δ¹³C signature of 
SPOM was around 2-7‰ more negative than typical values of marine phytoplankton and 
SPOM from temperate latitudes (-22 to -18‰; Fry & Sherr 1989, Boutton 1991, Miller et al. 
2008, Carlier et al. 2009) and from New Zealand (-22 to -20‰; Twist 2005, McLeod & Wing 
2007, Wing et al. 2008), with the exception of the Otago continental shelf (Van Hale 2003). 
The δ¹⁵N values of SPOM were within the range of temperate phytoplankton (4 to 6‰; Fry 
& Sherr 1989, Peterson & Fry 1987, McLeod & Wing 2007), but with a higher proportion of 
light values. The more negative isotopic signatures of SPOM relative to typical values for 
phytoplankton suggested the presence of an additional source of organic matter in the 
pelagic waters off Kaikōura.  The light δ¹³C signature in SPOM was consistent with a 
contribution of organic matter derived from microbial recycling, a fundamental feature of 
many pelagic food webs (Azam et al. 1983, Levin & Michener 2002, Wing et al. 2012). 
Bacterial isotopic fractionation results in organic matter with δ¹³C values that are lower than 
marine phytoplankton (Robinson & Cavanaugh 1995, Levin & Michener 2002). In the process 
of microbial recycling, bacteria decompose organic matter and re-mineralise nutrients, 
returning them back into the food web as they are eaten by higher trophic levels (Pomeroy 
et al. 2007, Fenchel 2008). The organic matter used by bacteria can originate from various 
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sources, such as dead phytoplankton and macroalgae, faecal material from marine 
organisms, and terrestrial material. The presence of microbially recycled production in 
pelagic SPOM would be consistent with (1) similar isotopic measurements of SPOM from 
the surface waters over the Otago continental shelf (Van Hale 2003, Van Hale & Frew 2010), 
where the pelagic food web has a strong component of microbial recycling (Bradford-Grieve 
et al. 1999, Van Hale & Frew 2010), and (2) a relatively high abundance of microzooplankton 
in SPOM, including ciliates. Marine ciliates graze directly on bacteria and are known as the 
‘top predators of the microbial loop’ (Levinton 2001, Pomeroy et al. 2007). The isotopic 
character of SPOM and the presence of ciliates suggest that a pelagic microbial loop (Azam 
et al. 1983, Pomeroy et al. 2007) could play an important role in the productivity of the 
canyon’s ecosystem, in addition to primary production from phytoplankton. 
If detritus from coastal macroalgae were to be microbially recycled (e.g., in the pelagic 
microbial loop or by benthic bacteria), its δ¹³C signature could become more negative after 
fractionation, and thus more similar to the values of SPOM. This could have resulted in some 
underestimation of the contribution of macroalgae to the food web of sperm whales. 
Although the identity of the additional source of organic matter present in SPOM was 
unknown, the low C:N ratios (<6) reflected a pelagic marine origin (Richard et al. 1997, 
Maksymowska et al. 2000). This suggested that macroalgal detritus or terrestrial organic 
matter (C:N ratios >12) were less likely to contribute directly to the SPOM pool than detritus 
originating from marine phytoplankton and other pelagic organisms. Further research is 
required to clarify the importance of microbial recycling at Kaikōura.  
3.4.2. Contribution of organic matter sources to sperm whales 
Isotopic mixing models and food web δ13C:δ15N correlations were used to estimate the 
contribution of organic matter resources fuelling the food web that supports sperm whales. 
Estimates from the mixing models were quite sensitive to source pool characterisation and 
uncertainty in TDF – varying between 41 and 97% contribution from pelagic production vs 
coastal macroalgae. Within this range, the upper values of SPOM contribution were more 
likely, for three reasons. First, food webs dominated by carnivorous consumers, such as that 
involving sperm whales and their prey, tend to have higher δ¹³C TDFs (Vander Zanden & 
Rasmussen 2001). Open-ocean food webs also have higher δ¹³C TDF than inshore ones, with 
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values closer to 1.1‰ (France & Peters 1997). Therefore, the value of δ¹³C TDF applicable to 
the sperm whales’ food web was likely to lie within the upper range of its variability (i.e. 
+1SE, see Table 3.2), making the higher estimates of SPOM contribution more likely: between 
62 and 97%. Second, the contribution of SPOM to sperm whales was estimated to be 93 – 97% 
after correcting for pelagic grazing by primary consumers. Although this correction did not 
account for a benthic pathway for SPOM (e.g., utilised by benthic consumers after sinking to 
the seafloor), it provided further support for a higher contribution of pelagic production vs 
coastal macroalgae. Lastly, the high δ13C:δ15N correlations in the isotope ratios of sperm 
whales and their prey suggested that their food web was more likely to be sustained by a 
dominant source of organic matter (pelagic production) than by a mixture of two important 
sources. 
Based on two different approaches, this study suggested that the sperm whales’ food web at 
Kaikōura is predominantly fuelled by pelagic production. This is consistent with what is 
known about sperm whale ecology in the area. Previous studies have shown that 
mesopelagic squid are important prey for sperm whales in the wider Kaikōura/Cook Strait 
region (Gaskin & Cawthorn 1967), and that sperm whales off Kaikōura do part of their 
foraging in mid-water (Miller et al. 2013a, Guerra et al. 2017). The main prey of warty squid 
are pelagic myctophids (Jackson et al. 1998, Phillips et al. 2001), which feed mainly on 
copepods (Phillips et al. 2001). Copepods, in turn, prey on phytoplankton and 
microzooplankton, including ciliates (Calbet & Saiz 2005, Pomeroy et al. 2007). The pelagic 
food chain ‘copepod-myctophid-squid-predator’ has been recognised as an important 
trophic pathway independent of krill species in the Southern Ocean (Rodhouse et al. 1992, 
Phillips et al. 2001). This could also be an important mechanism for the transfer of pelagic 
organic carbon to sperm whales at Kaikōura. 
Coastal macroalgae did not contribute substantially to the organic matter used by sperm 
whales. Perhaps the macroalgal communities are too narrow to provide a large pool of 
organic matter, in spite of being so close to the canyon, or the bathymetry and hydrology are 
not conducive to cross-shelf transfer of macrophyte detritus. It remains uncertain, however, 
whether the contribution from macroalgae was simply smaller than that of SPOM (but still 
important), or negligible. Leduc et al. (2014) suggested a low input of refractory macrophyte 
material to the seafloor of the Kaikōura Canyon, based on the low C:N ratios of sediment 
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organic matter (ranging from 6.3 – 9.6). The C:N values of macroalgae measured in this study 
averaged 30.6 (SD ±9.6), while those of SPOM averaged 8.3 (SD ±1.3). These observations are 
consistent with the hypothesis made by Leduc et al. (2014), and suggest that: (1) macroalgae 
detritus does not contribute much to benthic organic matter, and (2) SPOM sinking from the 
surface is likely to be an important contribution to the sediment organic matter in the canyon. 
Previous studies at Kaikōura, however, have shown that coastal macroalgal detritus is a 
component of deep seafloor sediments (De Leo et al. 2010) and could provide a small carbon 
subsidy to benthic communities.  
Lastly, in this study I collected POM from 300m depth in an attempt to characterise the 
isotopic signature of microbially recycled pelagic material, but this POM was not isotopically 
distinct from SPOM collected at the surface. Sampling material from greater depths would 
help to reveal the magnitude of microbial recycling of ‘marine snow’, and the link between 
surface productivity and benthic organic matter on the canyon’s seafloor. 
3.4.3. Sperm whale diet: potential prey items 
The isotopic signatures of sperm whales in relation to their prey were consistent with a diet 
composed of a mixture of squid and demersal fish. The projected diet mixture was 
isotopically enriched in relation to the three species of squid, but depleted relative to the 
demersal fish species, suggesting that both groups contributed significantly to the diet. The 
importance of demersal fish is consistent with the high rate of demersal foraging by sperm 
whales at Kaikōura compared to other regions (Guerra et al. 2017), and with past stomach 
contents analysis (Gaskin & Cawthorn 1967). Based on these data, it is likely that the 
particularly high densities of benthic invertebrates and demersal fish in the Kaikōura 
Canyon (De Leo et al. 2010, Leduc et al. 2014) contribute to the whales’ use of demersal 
habitat. 
Ling and warty squid were isotopically distant from the estimated diet of sperm whales; in 
the case of ling, by approx. 1 TL above the diet, and in the case of warty squid, by approx. 1 
TL below the diet. While this suggests that neither of them was the single most dominant 
prey, it does not exclude them as important diet components, as the whales’ isotopic 
signature is an integrated mixture of the signatures of their prey. Given that warty squid has 
been previously recorded as the predominant prey of sperm whales in the wider 
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Kaikōura/Cook Strait region (Gaskin & Cawthorn 1967), and that there have been repeated 
observations of warty squid targeted by sperm whales at Kaikōura (present study, Roger 
Williams pers. comm.), warty squid remains likely to be an important prey item. Thus, a 
contribution of ling to the whales’ diet would be feasible. Hāpuku was isotopically close to 
the estimated diet, supporting its contribution to the suite of prey targeted by sperm whales. 
Due to the opportunistic sampling of fish and squid it was not possible to collect all the prey 
species that sperm whales might target at Kaikōura. For example, orange roughy 
(Hoplostethus atlanticus) and gemfish (or ‘southern kingfish’, Rexea solandri) were occasional 
prey items for whales caught in the Cook Strait/Kaikōura region (Gaskin & Cawthorn 1967), 
but it was not possible to obtain samples. Among squid, the species likely to be targeted by 
sperm whales most frequently were probably well represented. Of all the squid species 
known to be eaten by sperm whales in New Zealand (Gaskin & Cawthorn 1967, Clarke & 
Roper 1998, Gomez-Villota 2007), the most frequently caught at Kaikōura are arrow, warty 
and giant squid (MPI data release OTA2015-001, B. Cooper pers. comm.). Warty squid were 
the predominant squid (71% by occurrence, 88% by weight) in the stomachs of sperm whales 
from the Cook Strait/Kaikōura region (Gaskin & Cawthorn 1967). 
The sperm whales of Kaikōura reflect a food web supported mainly by pelagic production, 
while demersal prey seem to be an important part of their diet. This suggests that demersal 
prey are partly sustained by pelagic production. There are at least two mechanisms that 
could explain this link. Firstly, demersal prey which feed on benthic organisms could be 
supported by pelagic production through downward flux of POM (as suggested by De Leo 
et al. 2010, Leduc et al. 2012), and hence act as a trophic link between the productive benthos 
and sperm whales. Ling, for example, feed primarily on benthic prey, including macrourid 
fishes (Clark 1985, Dunn et al. 2010), which are very abundant in the Kaikōura Canyon (De 
Leo et al. 2010). Secondly, demersal species targeted by sperm whales may feed on pelagic 
organisms whose vertical distributions are truncated by the canyon topography (e.g., during 
vertical diel migrations; Mauchline & Gordon 1991, Sutton et al. 2008). In this scenario, the 
isotopic signatures of demersal prey would reflect a pelagic food web. This is known to occur 
at Kaikōura, at least for some species. Arrow squid, for example, feed on mesopelagic fish 
and crustaceans (Dunn 2009, Pethybridge et al. 2012), and are commonly found in the 
stomachs of demersal hāpuku and bluenose (pers. obs., B. Cooper pers. comm.). In either 
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case, the canyon’s steep topography would play a role in concentrating or aggregating food 
resources. Research on the food resources utilised by benthic and demersal organisms would 
contribute to identifying bentho-pelagic coupling in the canyon’s food web. This would help 
to establish whether the extreme productivity of the benthos plays a role in sustaining the 
whales’ food web. 
3.4.4. Trophic level of sperm whales at Kaikōura 
Mixing models indicated that the trophic position of sperm whales was between four and 
five levels above the primary producers. This is consistent with the expected number of 
trophic steps leading up to the sperm whales. Their likely prey (such as warty squid, ling 
and hāpuku) feed on fish, squid and crustaceans, that are in turn secondary and tertiary 
consumers (Jackson et al. 1998, Phillips et al. 2001, Dunn et al. 2010, Nguyen et al. 2015, 
Tromp et al. 2016). Although there have been studies on the relative trophic position of 
sperm whales among populations (Ruiz-Cooley et al. 2012), and versus other cetaceans 
(Ostrom et al. 1993), there are no published estimates of their absolute trophic level based on 
stable isotope ratios. Based on stomach contents, the trophic level for sperm whales globally 
has been estimated at 4.4 (Pauly et al. 1998b), consistent with the present study.  
3.4.5. Seasonal differences in source pool utilisation and diet of sperm whales 
The average δ¹³C value of sperm whales was 0.5‰ higher in samples collected in summer 
than in winter – equivalent to a change of about half a trophic level. This δ¹³C translated into 
a slightly lower (6 – 7%) contribution from pelagic production to sperm whales sampled in 
summer. Due to the lack of significant seasonal variation in the δ¹³C signatures of the organic 
source pools, the seasonal differences observed in sperm whale skin were likely to reflect 
temporal changes within the food web. The δ¹³C turnover time (i.e., the time lag for the 
isotopic signature of skin to reflect those of the consumed prey) in sperm whales is likely to 
be at least two months (Ruiz-Cooley et al. 2004, Giménez et al. 2016), and most likely about 
half a year (Chapter 2). Thus, δ¹³C signatures in sperm whales sampled in summer are more 
likely to reflect the diet that was integrated over winter, and vice versa.  
Two possible mechanisms could explain the seasonal variation in isotope ratios in sperm 
whale skin: a seasonal shift in the targeted prey, and/or a seasonal shift in what carbon source 
pools are utilised by prey. The most likely explanation is a shift in prey, consistent with the 
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seasonal changes in the spatial distribution and diving behaviour of foraging whales at 
Kaikōura (Jaquet et al. 2000). Based on the whales’ seasonal signatures, the most likely 
change is a higher contribution from squid in summer (lighter δ¹³C), and a higher 
contribution from demersal fish in winter (heavier δ¹³C). This is consistent with temporal 
variations in the stomach contents of sperm whales in the Cook Strait/Kaikōura region 
(Gaskin & Cawthorn 1967), and with seasonal pulses in prey species known from fisheries 
catches (Jaquet et al. 2000, MPI data release OTA2015-001). For example, hāpuku are thought 
to move inshore during the winter to spawn closer to the continental shelf (Beentjes & Francis 
1999). The trend in δ¹³C is also consistent with the whales’ more offshore distribution during 
summer compared to winter (Jaquet et al. 2000), given the typically lighter δ¹³C of 
offshore/pelagic food webs (France 1995, Cherel & Hobson 2007). Lastly, although Chapter 
2 suggested no seasonal variability in δ15N of whales, when occasional visitors were excluded 
(present study) there was some evidence for slight changes in δ15N between summer and 
winter. Overall, these results suggest that seasonal patterns in the whales’ food web at 
Kaikōura are likely driven by variations in the range of prey available. 
3.4.6. Caveats and limitations 
Although stable isotope analysis is a useful tool for unravelling the complex dynamics of 
food webs, it has important limitations. The absence of data on trophic discrimination factors 
for sperm whales and their prey meant relying on values from published literature to 
develop the mixing models and examine predator-prey relationships. The resulting analyses 
are therefore susceptible to error due to the variation among ecosystems, species, tissues, 
and analytical methods (Vander Zanden & Rasmussen 2001, Boecklen et al. 2011). This 
resulted in uncertainty around the contribution of different organic source pools. The 
sensitivity analysis used in this study addressed part of this uncertainty explicitly, providing 
a range of possible values for the relative contribution of organic matter sources to sperm 
whales. Although information from other marine food webs was useful for identifying the 
most likely scenarios suggested by the isotopic mixing models, the precise contributions of 
source pools could not be fully resolved. 
The choice of SPOM and coastal macroalgae as the two main candidates of primary carbon 
sources for sperm whales involved a simplification of the food web. Other potentially 
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important sources of organic matter (e.g., terrestrial material from river outputs, benthic 
chemoautotrophs) were not included in the analysis. Studies on the origin of organic matter 
in the canyon sediment (Leduc et al. 2018) and benthic consumers (e.g. McLeod & Wing 2009) 
will be very valuable for understanding the source pools sustaining the benthic communities 
off Kaikōura. The application of more specific biochemical tools (e.g., amino-acid specific 
isotope analysis and fatty acid tracers; McClelland & Montoya 2002, Budge et al. 2006) will 
be particularly useful for clarifying the potential contribution of macroalgae to the canyon’s 
food web and the role of microbial recycling. Recommendations for future research also 
include using δ34S to increase the power of identifying bacterial organic sources (e.g., 
MacAvoy et al. 2002, McLeod & Wing 2007), and compound-specific isotope analysis of 
sperm whale skin to provide more accurate identification of the base of the whales’ food web 
(e.g., Ruiz-Cooley et al. 2014, Zupcic-Moore et al. 2017).  
3.4.7. Conclusions 
This study provides the first insights into the structure of the food web supporting sperm 
whales at Kaikōura and its basal carbon sources. The stable isotope analysis suggested that 
most of the organic carbon sustaining the whales is derived from pelagic production, with 
possibly a small input from the neighbouring macroalgal communities. The pelagic pool of 
organic matter appeared to be composed of phytoplankton, with a potential contribution of 
microbially recycled material. Stable isotope signatures of the whales and potential prey 
were consistent with a diet composed of demersal fish in addition to mesopelagic squid. 
There was evidence for seasonal variations in the sperm whales’ food web, likely due to 
shifts in prey availability. These findings highlight the importance of better understanding 
the drivers of pelagic productivity at Kaikōura, and what physical, oceanographic and 
biological processes influence the sperm whales’ food resources. These mechanisms will 
ultimately influence the whales’ spatial distribution and the temporal fluctuations in their 











Chapter 4.  
Habitat preferences of sperm whales in the Kaikōura 
Canyon: environmental drivers of foraging distribution.  
 
 
4.1.  Introduction 
The loss of top predators from marine ecosystems is a global issue (Myers & Worm 2003, 
Estes et al. 2006). For previously exploited populations, reliable access to feeding 
opportunities is essential for recovery (Werner & Mittelbach 1981, Baker et al. 2007). The 
effective protection of marine top predators therefore requires knowledge of their foraging 
habitat: where is it, and what features make it suitable? Sperm whales were heavily hunted 
in New Zealand during the 19th century (Gaskin 1973, Grady 1982). The recovery of their 
populations is likely to be influenced by the ecological status of their feeding grounds. The 
area around the Kaikōura Canyon is a year-round foraging area for male sperm whales 
(Childerhouse et al. 1995), and one of the few places in the world where this species is found 
so close to the coast.  
Submarine canyons are often habitats of high productivity, enhancing biomass and 
biodiversity in the deep sea (Vetter et al. 2010, Van Oevelen et al. 2011). Many canyons are 
also hotspots for top predators, particularly deep-diving cetaceans (Vetter 1994, MacLeod & 
Zuur 2005, Moors-Murphy 2014). The Kaikōura Canyon is one such hotspot, containing 
extremely high biomass of benthic invertebrates and demersal fish (De Leo et al. 2010, Leduc 
et al. 2014), and attracting an abundance of pelagic top predators (Childerhouse et al. 1995, 
Benoit-Bird et al. 2004, Boren et al. 2006). The decline in the number of sperm whales foraging 
at Kaikōura (van der Linde 2009, Somerford 2018) may reflect a shift in the whales’ 
distribution, potentially driven by ecological or oceanographic changes to their habitat. It is 
therefore important to understand the habitat features that attract these apex predators to 
Kaikōura.  
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Multiple studies have investigated the drivers of sperm whale distribution (e.g., Whitehead 
et al. 1992, Jaquet & Gendron 2002, Pirotta et al. 2011, Wong & Whitehead 2016). Although 
some general conclusions can be drawn, such as a preference for deep-waters over complex 
topography, the environmental characteristics of their foraging habitat are highly variable. 
Importantly, studies rarely use oceanographic data from the water column, rather than the 
sea surface, to explain habitat preferences (but see Griffin 1999, Skov et al. 2008, and Torres 
et al. 2011 for exceptions). There is also very little understanding of the seasonal variation in 
habitat preferences, and of drivers of distribution at small spatial scales. 
At Kaikōura, sperm whales forage throughout the water column and in proximity to the 
seafloor (Miller et al. 2013a, Guerra et al. 2017), and their diet includes demersal fish as well 
as pelagic squid (Gaskin & Cawthorn 1967, Chapter 3 of this thesis). Their food web appears 
to be fuelled mostly by pelagic production (Chapter 3), while topography influences the 
whales’ spatial distribution (Jaquet et al. 2000, Sagnol et al. 2014b). Therefore, hydrographic 
features in the water column (e.g., phytoplankton distribution, thermocline depth) as well as 
seafloor characteristics (e.g., depth, slope), are likely to influence the abundance and 
distribution of prey in the canyon area. However, the environmental drivers of the whales’ 
foraging distribution, and in particular the influence of oceanographic factors, are poorly 
understood. There are significant differences in sperm whale behaviour and spatial 
distribution between summer and winter (Jaquet et al. 2000, Sagnol et al. 2014b, MMRG 
unpublished data), and the contribution of different prey types to the whales’ diet varies 
seasonally (Gaskin & Cawthorn 1967, Chapter 3). It is therefore likely that habitat preferences 
differ between summer and winter. 
Species-distribution models (SDMs) are useful tools for quantifying the habitat preferences 
of a species in its environment (Guisan & Zimmermann 2000), and are widely used in 
ecological studies of cetaceans (Redfern et al. 2006, Pirotta et al. 2011, Forney et al. 2012). 
SDMs are used to relate the spatial distribution of individuals to the characteristics of their 
habitat, quantifying the relative importance of measured environmental variables in 
determining the habitat requirements of the species. SDMs are most effective when they 
incorporate absence as well as presence data, providing background information on the 
range of available environmental conditions (Brotons et al. 2004, Barbet-Massin et al. 2012). 
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Evaluating the habitat preferences of a population is also useful for assessing the risk of 
overlap with anthropogenic activities (Torres et al. 2013), and guiding the development of 
management strategies (Embling et al. 2010, Becker et al. 2012). A Marine Protected Area 
(MPA) was established in October 2014 over the Kaikōura Canyon, including the ‘no-take’ 
Hikurangi Marine Reserve, but the effectiveness of the reserve in protecting sperm whale 
habitat is unknown. In the context of the decline in abundance of sperm whales in the area, 
it is important to understand the value of the MPA for the conservation of the population. 
Sperm whales off Kaikōura spend most of their time foraging (Douglas et al. 2005). The 
absence of females and calves implies that predation risk, shelter requirements and mating 
opportunities are not factors shaping the whales’ spatial distribution. In addition, the loud 
echolocation sounds produced in search of prey (Goold & Jones 1995) facilitate easy 
identification of foraging behaviour. Environmental conditions can thus be related 
specifically to individuals that are known to be foraging; as their distribution is likely to 
reflect the most suitable foraging habitat.  
In this study, I investigated the environmental factors that drive the fine-scale foraging 
distribution of sperm whales around the Kaikōura Canyon. Specific questions included: 
1) What oceanographic and topographic factors correlate with the presence of foraging 
whales? 
2) How do habitat preferences vary seasonally? 
3) What specific areas provide the most suitable foraging habitat? 
4) What is the value of the Marine Reserve in protecting sperm whale habitat? 
To address these questions, species-habitat surveys were conducted at Kaikōura over three 
years during summer and winter. Locations for the presence and absence of foraging whales 
were recorded, in conjunction with water-column oceanographic data and seafloor 
topography. Presence-absence SDMs were used to identify the characteristics of the whales’ 
preferred foraging habitat at a fine spatial scale, and maps of habitat suitability were created 
to assess overlap with the Hikurangi Marine Reserve. With this study I aimed to better 
understand what physical and biological processes contribute to attracting top predators to 
submarine canyons in general, and sperm whales to the Kaikōura Canyon in particular.  
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4.2. Methods  
4.2.1. Study site 
The study site was an area of 850 km2, to the south and east of the Kaikōura Peninsula (South 
Island, New Zealand), centred over the Kaikōura Canyon (Fig. 4.1). This area was limited to 
12 nautical miles (nmi) offshore and 15 nmi south of the peninsula due to navigation and 
safety restrictions. The research area covers depths of 50 – 1550 m, including parts of the 




Figure 4.1. Study site around the Kaikōura Canyon, New Zealand. The research area for sperm whale 
surveys is indicated by the dashed red line. Survey blocks are indicated by the white grid. The site for 
boat launching is indicated by the red star. Depth contours show 250, 500, 1000, 1500 and 2000 m 
isobaths.  
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The oceanographic regime offshore of Kaikōura involves a complex pattern of currents and 
water masses, although little is known about the hydrography in the canyon. The East Cape 
Current transports warm, high-salinity Subtropical surface water (STW) from the northeast, 
reaching the region offshore of Kaikōura through various eddies (Heath et al. 1975, 
Roemmich & Sutton 1998, Chiswell et al. 2015; see Fig. 5.1 for detail). To the south of 
Kaikōura lies the highly productive Subtropical Front, where warm STW converges with the 
colder, less saline Subantarctic surface water (SAW) (Heath 1981, Hamilton 2006). The 
Southland Current, on the western side of the Subtropical Front, is a north-eastward flow of 
SAW mixed with STW (Sutton 20013). An extension of the Southland Current is the main 
coastal current flowing past Kaikōura (Heath 1972a, b, 1985, Chiswell & Schiel 2001). The 
proportion of SAW vs STW of the current as it reaches Kaikōura is unknown, but the 
dominant water mass in the broad Kaikōura region is the warmer and more saline STW 
(Chiswell et al. 2015). In addition, coastally derived low-salinity water feeds into the inshore 
neritic water mass (NW).  
4.2.2. Survey design 
Systematic acoustic-visual surveys were carried out during spring/summer (November – 
January, hereafter ‘summer’) and autumn/winter (May – July, hereafter ‘winter’), over a 
three-year period between May 2015 and July 2017. Surveys were carried out from a 6 m 
research boat, RV Grampus, powered by a 115-hp four-stroke outboard engine. A survey 
protocol was designed to standardise search effort and cover the research area as uniformly 
as permitted by the prevailing weather conditions. The study area was divided into 4 x 4 nmi 
blocks (Fig. 4.1), and a decision in which block to start a survey was made based on weather 
conditions and previous effort. The start point within a block was a randomly generated 
location (termed ‘search station’) which was different for every survey. Locations of search 
stations were restricted to waters deeper than the continental shelf and Conway Rise (> 250 
m) because shallow topography can limit the long-range acoustic detection of sperm whales. 
Research was conducted during daylight hours, in sea states ≤ Beaufort 3 and maximum 
swell heights ≤ 2 m. 
Each survey started with a 15 min acoustic-visual search for sperm whales, with the research 
boat stationary and the engine switched off. A custom-built directional hydrophone 
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(Dawson 1990) was used to listen for sperm whale echolocation clicks, which could typically 
be heard within 4-5 nmi (MMRG, unpublished data). At the same time, one or two observers 
conducted a visual search for whales at the surface (typical detection range c. 2 nmi, pers. 
obs.). A 15 min search duration was chosen to account for the time between foraging dives 
in which sperm whales are typically silent (on average 14.1 min, of which an average of 9.1 
min are spent at the surface; Jaquet et al. 2000, Douglas et al. 2005), and therefore not detected 
acoustically. Following a standardised protocol, the closest whale to the search station 
(estimated by relative loudness and directionality of the clicks, or by visual detection) was 
tracked first, followed by any other whales that could be heard or seen. Once these whales 
had been tracked, or if no whales were detected, a new search station was selected to 
continue the survey, excluding blocks which had been surveyed that day or which were 
adjacent to any blocks in which whales had been encountered. Sperm whales were tracked 
acoustically with the directional hydrophone, until they were visually located at the surface. 
After a whale had surfaced, the research vessel was manoeuvred 50-100 m behind it, 
maintaining this distance throughout the encounter (i.e., while the whale remained at the 
surface) by matching the whale’s swimming speed and direction. 
4.2.3. Data collection 
Data collected at each search station included: 
- Time and location at the start of the search. 
- Number of whales seen or heard. 
- Sea conditions (swell height and wind speed on the Beaufort scale). 
- In situ water-column oceanographic data (temperature, salinity and fluorescence) to 
characterise potential whale-absence locations (see below). N.B. if any whales were 
estimated to be within one nmi of the search station, no oceanographic data were 
collected, as this location would not be used in further analyses to characterise whale-
absence locations (see below). 
Data collected during a sperm whale encounter included:  
- Photographs of the flukes for individual identification, taken at the time of diving. 
- Time and location of dive. 
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- Detection of ‘usual echolocation clicks’ (Goold & Jones 1995) from the target whale, 
to identify foraging behaviour (Møhl et al. 2000, Jaquet et al. 2001, Miller et al. 2013b). 
These clicks are loud, impulsive, broadband sounds, typically made at rates of 1-2 
clicks/s (Goold & Jones 1995). This approach allowed the exclusion of resting or 
travelling individuals from further analysis. 
- In situ water-column oceanographic data to characterise whale-presence habitat. If a 
whale was within 1 nmi of where a CTD cast had been previously made (i.e., for a 
different whale close by), the data from that cast were used for both whales. 
Search effort and encounter data were recorded and stored on a HP-200LX palmtop 
computer running custom written software interfaced with a GPS, or on a Samsung Galaxy 
Tab A tablet running Cybertracker software. The position of the research vessel was logged 
every 60 seconds. 
Oceanographic variables measured included temperature, salinity and fluorescence (as a 
proxy for chlorophyll a concentration, hereafter chl-a), sampled at a rate of 4Hz. Data were 
collected using a Seabird Scientific SBE-19 CTD with a WETStar fluorometer during winter 
2015, and an RBR-concerto CTD with a Cyclops-7 fluorometer (Turner Designs) during the 
remaining five field-seasons. Because the CTDs were hauled manually, casts made with the 
SBE-19 were dropped to a depth of only 100 m. Casts made with the much smaller RBR-
concerto were dropped to a maximum depth of 550 m (fluorometer depth limit = 600 m), or 
within 100 m of the seafloor.  
4.2.4. Comparability of oceanographic data among seasons 
As different CTDs were used during the study, it was necessary to quantify the potential 
differences in temperature, salinity and chl-a measured by the two instruments. Ten casts 
were done simultaneously with the SBE-19 and the RBR-concerto to a depth of 100 m in 
October 2015. While there was no measurable offset in temperature or salinity, there was a 
small but relatively consistent offset in chl-a (Appendix 2, Fig. A2.1). A correction equation 
was thus established to transform fluorescence values measured by the SBE-19 in winter 2015 
(Chl-a CORRECTED = 1.197 Chl-a MEASURED + 0.108; R2 = 0.92).  
Chl-a concentration is a proxy for phytoplankton abundance, and is therefore related to 
primary productivity – the rate of carbon produced by phytoplankton in a given area and 
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time (Kaiser et al. 2005). However, primary productivity is also influenced by other processes 
such as grazing, nutrients, light, and stratification. In addition, the fluorometers used in this 
study were factory-calibrated but not ground-truthed for local conditions. Therefore, chl-a 
was used as a relative (rather than absolute) measure of primary productivity (e.g., Hazen et 
al. 2009). To maximise comparability of fluorescence among casts and account for drift in the 
fluorescence sensor over time, individual casts made with the RBR-concerto were corrected 
for the deep fluorescence offset (Guinet et al. 2012, Xing et al. 2012). The offset was detected 
in each profile as the median fluorescence value in deep waters (depth > 300 m), where chl-
a should be null. The offset (median = 0.177 μg/l, n = 443) was then subtracted from all the 
values in the profile. 
Monthly means of chl-a obtained in-situ at 1 m depth were compared to monthly means of 
surface chl-a from Aqua-MODIS satellite data (NASA 2018) for the period of study over the 
study area (8-day composites, 4 x 4 km2 resolution). Although satellite-derived chl-a data has 
its own limitations (Gons 1999, Dall’Olmo et al. 2005), this comparison allowed me to verify 
that there were no issues with instrument drift which could bias comparisons among field 
seasons. The comparison between the two methods (Appendix 2, Fig. A2.2) indicated that 
the chl-a values measured in-situ were on the same scale as the satellite data, and that the 
observed variability among field seasons was not an artefact of instrument drift.  
4.2.5. Presence and pseudo-absence locations 
Presence and absence information were incorporated in the SDMs in the form of point data 
(Redfern et al. 2006). Diving locations of foraging whales were used for presence data. Only 
the first location per day for each individual was used in the analysis to minimise 
autocorrelation.  
True absences of mobile species are very hard to confirm, as an animal may be absent from 
an area at the time of sampling but present at another time. I therefore generated ‘pseudo-
absence’ points (Zaniweski et al. 2002) within the surveyed areas where whales were not 
detected at the time of the surveys (e.g., Torres et al. 2008, Rayment et al. 2014; Fig. 4.2). By 
carrying out multiple surveys, areas where whales rarely forage have higher probabilities of 
containing more pseudo-absences. The method for generating pseudo-absences involved 
three steps.  
Chapter 4 – Habitat preferences  91 
 
 
Figure 4.2. Extraction of absence data for SDMs of sperm whales foraging off Kaikōura. A pseudo-
absence area (in grey) was generated where foraging sperm whales were assumed absent, and 
pseudo-absence locations were randomly generated within that area. Three typical scenarios are 
shown, in which different sizes of pseudo-absence areas were created around a search station, 
depending on the distance to the first whale tracked from the search station. 
 
First, each search station was plotted in ArcGIS 10.2 (ESRI), and a buffer corresponding to 
the median acoustic detection distance (2.5 nmi4), or the distance to the first whale 
encountered (whichever was smallest), was constructed around each station to define a 
search area (Fig. 4.2). Second, a ‘presence buffer’ was constructed around the diving location 
of the closest whale (if any), and deleted from the search area (Fig. 4.2). This was done to 
prevent generating a pseudo-absence point where the whale had been, and thus minimise 
the chances of absence points occupying the same habitat as actual sightings (Torres et al. 
2008, Tepsich et al. 2014). The buffer around the whale was based on the whale’s potential 
movement during the time it was being tracked. This buffer distance was calculated as the 
time taken to track the whale multiplied by a conservative measure of the typical horizontal 
displacement speed between consecutive dives (75th percentile = 1.5 nmi/h, based on n = 117). 
                                                          
4 The median acoustic detection distance (2.5 nmi) was based on 173 measurements of the distance 
between a search station and the diving location of the closest whale tracked from that station, 
recorded throughout the three years of study. 
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The maximum value of the buffer was the distance from the whale to the search station. The 
remaining search area was defined as an ‘absence area’ where sperm whales would have 
been likely to be heard if they had been foraging there. Lastly, pseudo-absence locations were 
generated randomly within each absence area using the ‘genstratrandpnts’ tool in Geospatial 
Modelling Environment 0.7.3 (Beyer 2012). 
SDMs that use regression techniques are most accurate when presence and absence data 
have the same weight and there are at least as many absences as presence points (Barbet-
Massin et al. 2012). This was achieved differently for each season. For the summer models, 
one pseudo-absence was generated per absence area, resulting in a slightly higher number 
of pseudo-absences than presences (overall, a ratio of 1.2:1). Therefore, each pseudo-absence 
location was down-weighted so that the sum of the weights of pseudo-absences was equal 
to the sum of the weights of presences (e.g., Torres et al. 2013). In winter, sperm whale 
densities were relatively high, resulting in fewer absence areas than presence locations 
(overall, a ratio of 0.3:1). Up to five pseudo-absence locations were generated within each 
absence area to obtain an equal number of presences and absences per winter. To distribute 
pseudo-absence locations evenly, the number of locations per absence area was proportional 
to the size of the area. The minimum distance between pseudo-absence locations was set to 
1.8 nmi (the median minimum distance per day between two whales; n = 163 days), so that 
the density of pseudo-absences was no greater than the presence locations. Since the number 
of pseudo-absences and presences per winter was the same, there was no need to weight 
them in the SDMs.  
4.2.6. Environmental variables 
Previous studies have suggested that habitat selection by sperm whales is influenced by 
seafloor depth, seafloor slope, surface chlorophyll, surface oceanographic conditions, 
temperature of deep-water layers, and vertical temperature gradients (Griffin 1999, Rendell 
et al. 2004, Praca et al. 2009, Torres et al. 2011, Pirotta et al. 2011, Wong & Whitehead 2014, 
Johnson et al. 2016). In addition, sub-surface chlorophyll concentration, thermocline 
characteristics (depth and strength), and salinity of deep-water layers appear to influence 
habitat preferences of other deep-diving marine mammals, such as beaked whales and 
elephant seals (Ferguson et al. 2006a, Hazen et al. 2011, Saijo et al. 2017). These habitat 
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features (outlined in Table 4.1) were therefore selected as candidate factors in the models to 
predict foraging distribution of sperm whales. 
 
Table 4.1. Candidate explanatory variables for the SDMs used to investigate the habitat preferences 
of sperm whales foraging off Kaikōura.  
Habitat characteristic Candidate explanatory variables Abbreviation (units) 
seafloor topography depth depth (m) 
 slope slope (%) 
 aspect aspect (°) 
temperature of surface water surface temperature (1 m depth) surface T (°) 
 temperature at 10 m depth T 10m (°) 
temperature of deep water temperature at 350 m depth T 350m (°) 
salinity of surface water surface salinity (1 m depth) surface S (psu) 
 salinity at 10 m depth S 10m (psu) 
salinity of deep water salinity at 350 m depth S 350m (psu) 
thermal stratification thermocline depth (1) TC depth (m) 
 thermocline strength 
(1) TC strength (°) 
 temperature gradient between 10 and 350 m 
(2) T gradient 350m (°) 
chlorophyll concentration surface chl-a (1 m depth) surface chl-a (μg/L) 
 sub-surface chl-a maximum 
(3) max chl-a (μg/L) 
 depth of sub-surface chl-a maximum depth max chl-a (m) 
 
Notes on calculation of variables: 
(1) Using temperature data averaged in 20 m bins, the thermocline depth was estimated as 
the depth with the greatest variance within the bin. The relative strength of the thermocline 
was expressed as the variance in temperature values in the bin with maximum variance 
(Hazen & Johnston 2010).  
(2) ∆ 𝑇 =  𝑇10 𝑚 −  𝑇350 𝑚. 
(3) The sub-surface chl-a maximum was calculated from chl-a data averaged in 5 m bins. The 
bin with the maximum chl-a average was selected as the sub-surface chl-a maximum (Scott 
et al. 2010). A bin of 5 m (rather than 20 m) was selected to reflect the higher rate of change 
in chl-a with depth (Segar 2007). 
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Bathymetry data at 250 m resolution were obtained from NIWA (Mitchell et al. 2012) and 
imported into ArcGIS. Seafloor depth, slope and aspect for each presence and pseudo-
absence location were extracted using Spatial Analyst tools. Slope was defined as the rate of 
maximum change in depth in a raster cell, expressed as percent slope. Aspect was defined 
as the orientation of the downward slope, expressed as 0 - 360° with respect to true north. 
Oceanographic data collected with the SBE-19 CTD were processed with the programs SBE 
Seaterm and SBE Data Processing (Sea-Bird Scientific). Data collected with the RBR-concerto 
CTD were processed with Ruskin (RBR). Each CTD downcast was averaged in 1m bins 
(typically 4-5 samples) to reduce the effect of instrument noise on the data. Estimates of the 
oceanographic variables were extracted from the bin-averaged CTD profiles in Matlab 2014a 
(Math-Works). Temperature and salinity at 10 m were considered because surface values can 
be strongly influenced by daily weather changes, whereas sub-surface values (i.e., at 10 m) 
are less susceptible while still being useful descriptors of surface layers (de Boyer Montégut 
et al. 2004). Many of the casts carried out with the RBR-concerto did not reach a depth of 500 
m (n = 302 out of 447), due to boat drift or because of safety precautions to avoid hitting the 
seafloor. To use deep-water hydrographic variables from a consistent depth while 
maximising the number of usable casts, temperature and salinity values from a depth of 350 
m were used for further analysis (n = 435 casts).  
Oceanographic data collected at a search station were used to characterise the pseudo-
absence locations generated around that station. This approach required the assumption that 
oceanographic conditions at the pseudo-absence locations were similar to the conditions at 
the station where the CTD data had been collected (i.e., within a distance of 0 – 2.5 nmi). The 
validity of this assumption was tested by plotting the distance between CTD casts made in 
the same day (range = 1 – 17 nmi) against the difference in each oceanographic variable. 
These points were fitted with a smoothed spline, with 95% confidence bounds. If the 
difference in each variable at 2.5 nmi was within the 95% confidence bound of the difference 
at 1 nmi, it was considered small enough to validate the assumption for the purpose of this 
study. This was the case for all variables (Appendix 2, Fig. A2.3).  
Sea state and swell height can affect the probability of encountering whales by reducing the 
visual or acoustic detection range (Barlow & Taylor 2005, Ferguson et al. 2006b, Rayment et 
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al. 2018). The distance to the closest whale from each search station was examined in relation 
to sea state and swell height. Over the ranges observed in this study, the variability in each 
factor did not affect the detection range (Appendix 2, Fig. A2.4), so it was unnecessary to 
account for them in the SDMs. 
 4.2.7. Species-distribution models 
There are multiple techniques that can be used to estimate species-habitat relationships (e.g., 
boosted regression trees, random forest, multivariate adaptive regression splines; Elith et al. 
2006, Redfern et al. 2006). I selected a Generalized Additive Model framework (GAM; Hastie 
& Tibshirani 1990, Wood 2006), as this approach can be applied to binary presence/absence 
data, does not require very extensive datasets, and is particularly useful for capturing non-
linear cetacean-habitat relationships (Derville et al. 2018; e.g., Pirotta et al. 2011, Forney et al. 
2012, Rayment et al. 2014). Specifically, a binomial GAM with a logit link function was used 
to model the relationship between the probability of whale presence and the environmental 
variables at each location. To investigate seasonal differences in habitat use by sperm whales, 
GAMs were created independently for summer and winter. Due to not having 
oceanographic data deeper than 100 m in winter 2015, two data sets were used for modelling 
habitat preferences in winter: (1) using data from 2016 and 2017 and including deep-water 
variables (i.e., temperature and salinity at 350 m, vertical temperature gradient to 350 m), 
and (2) using data from 2015, 2016 and 2017 but excluding deep-water variables. The results 
of the analysis using the first data set suggested that none of the deep-water variables were 
important predictors of sperm whale habitat preferences during winter. For simplicity, the 
results from the first data set are only presented in the appendix (Appendix 2, Table A2.1, 
Fig. A2.5). 
In winter, the pseudo-absence locations generated in the same absence area in a given day 
had different topography but shared the same oceanographic characteristics (as described 
above). While the use of data points that are close in space can provide useful information 
about fine-scale distribution, it can be a source of spatial autocorrelation. In this 
circumstance, the assumption of independence required for the GAM is not met, leading to 
underestimation of the uncertainty associated with model estimates (Zuur et al. 2009). One 
way to deal with this issue is to explicitly account for autocorrelation among data points 
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located in the same area of sampling (or subsite), by incorporating subsite as a ‘random 
effect’ in the models (Aarts et al. 2008, Zuur et al. 2009, Rhodes et al. 2009). This can be done 
with a Generalized Additive Mixed Model (GAMM; Lin & Zhang 1999), a variant of a GAM 
that includes random effects in addition to fixed effects. In winter, each data point was 
therefore assigned a subsite ID according to the survey block that contained its location. 
There was no need to use this approach in the summer models, as there was only one 
pseudo-absence generated per absence area, and therefore each point had unique CTD data. 
Correlation among explanatory habitat variables was assessed with concurvity tests 
(Ramsay et al. 2003, Wood 2006), the GAM analogue of collinearity tests. A threshold of 0.3 
was used to identify concurvity among pairs of covariates (He et al. 2006). For correlated 
pairs, each habitat variable was fitted independently to a univariate GAM with presence or 
absence of whales as the response, and the covariate with highest explained variance was 
retained in the full model. Multi-collinearity among all the explanatory variables included 
in the full model was then checked with variance inflation factors (VIF), with values <2 
indicating no collinearity (Neter et al. 1990, Montgomery & Peck 1992, Zuur et al. 2009). Once 
correlated terms had been excluded from the full model, probability of whale presence was 
modelled with a suite of GAM(M)s which included all first-order combinations of 
independent predictor variables, and, in the case of winter GAMMs, with subsite as the 
random effect. No interaction terms were included in the models because there was no 
biological reason to do so, and because interaction terms can confound the interpretation of 
fitted functions (Yee & Mitchell 1991, Rayment et al. 2014). 
All predictor variables were modelled as smoothed terms, derived using thin-plate 
regression splines, except ‘aspect’, which was modelled with a cyclic regression spline. All 
smooths were limited to a maximum of four degrees of freedom to reduce the risk of 
overfitting (Vaughan & Ormerod 2005). Exploratory trials with higher degrees of freedom 
(up to nine) did not result in changes to the smoothers, indicating that a maximum of four 
degrees of freedom was not restricting model optimisation. Models were created in R studio 
1.1.4 (R development Core Team 2012) using the packages ‘mgcv’, ‘gamm4’ and ‘MuMIn’ 
(Bartoń 2016, Wood 2016, Wood & Scheipl 2017). Models were ranked according to Akaike’s 
Information Criterion (AICC; Akaike 1973), with the best models indicated by the lowest 
AICC values (Burnham & Anderson 2002, Symonds & Moussali 2011). Smoothing curves 
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derived from the best GAMs in each set were used to interpret the effect of each explanatory 
variable on habitat selection. The relative importance of each predictor variable was 
examined by summing the Akaike weights for each model that included the predictor 
variable (Burnham & Anderson 2002, Twist et al. 2016). 
4.2.8. Model checking 
Spatial autocorrelation was examined by plotting correlograms of the residuals of the best 
fitting models (Bjørnstad & Falck 2001, Zuur et al. 2009), using the package ‘ncf’ in R 
(Bjørnstad 2008). Correlograms are graphical representations of the spatial correlation 
between locations at a range of lag distances, depicted as a spline with 95% pointwise 
bootstrap confidence intervals. Spatial autocorrelation was not a concern in the final models 
for summer or winter (Appendix 2, Fig. A2.6).  
Diagnostic plots of binomial regression models are difficult to interpret due to the 
discreteness of the binary response data (Landwehr et al. 1984, Zuur et al. 2009). The 
adequacy of the best models was therefore examined using a simulation technique which 
constructs a logistic regression quantile-quantile plot (Landwehr et al. 1984, Zuur et al. 2009; 
e.g., Rayment et al. 2018). With this method, the residuals from the fitted model are plotted 
against the residuals from a model based on a simulated distribution, which assumes that 
the model is correct. Confidence intervals are calculated from the 2.5 and 97.5% quantiles of 
the simulated data. If the model fits the data well, the plotted points lie close to a 1:1 line and 
within the simulated 95% confidence intervals. This was the case for the summer and winter 
models (Appendix 2, Fig. A2.7). 
4.2.9. Model validation 
Model validation using independent data is key for assessing the robustness of cetacean-
habitat models (Forney 2000, Redfern et al. 2006). Model performance was evaluated through 
multi-fold validation (Forney et al. 2012, Rayment et al. 2014), carried out separately for 
summer and winter using the highest-ranking model for each season. First, each of the three 
possible pairs of years (2015 & 2016, 2016 & 2017, 2015 & 2017) was used as a training dataset 
to fit the predictive GAM(M)s, with the remaining year used as an independent dataset to 
validate the model. For each validation test, every location (sperm whale presences and 
pseudo-absences) was assigned a predicted value of whale presence probability according 
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to the fitted functions from the best GAM(M) and the values of the habitat variables 
measured at that location. Predictive accuracy was then assessed using two indices. (1) The 
‘true skill statistic’ (TSS, Allouche et al. 2006) measures model performance in a simple way, 
and is calculated as: 
𝑇𝑆𝑆 = 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 + 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 − 1 
where sensitivity and specificity are the proportion of correctly identified presences and 
absences, respectively. For validation purposes, the probability threshold was set at 0.5 (with 
values ≥ 0.5 predicted as presences and values < 0.5 as absences). This threshold value is 
suitable for cases in which the training data contain equal numbers of presences and 
absences (as in the winter dataset) or the total weight of the presences and absences is the 
same (as in the summer dataset; Lobo et al. 2008, Barbet-Massin et al. 2012). TSS ranges from 
-1 to +1, with values ≤ 0 indicating poor performance (no better than random). (2) The area 
under the receiver operating characteristic curve, known as AUC, was calculated using the 
R package ‘ROCR’ (Sing et al. 2015). AUC estimates range from 0.5 (no predictive power) to 
1 (perfect prediction). AUC is a widely used threshold-independent method (Elith et al. 2006, 
Derville et al. 2018), but it has been criticised for producing unreliable metrics of model 
performance (Manel et al. 2001, Lobo et al. 2007). I therefore used specificity and sensitivity 
as the main way to evaluate the models, along with AUC for comparative purposes. Model 
validation is also useful to check for potential overfitting, with high values of TSS and AUC 
indicating a robust relationship between species presence and the selected predictor 
variables (Pirotta et al. 2011). 
There is a possibility that model validation was biased by using the best GAM(M) from the 
full data set in all the validation tests, rather than the best GAM(M) from each set of training 
data (e.g., Forney 2000, Rayment et al. 2014, Gilles et al. 2016). To ensure that this was not 
the case, model validation tests were repeated using the best GAM(M)s from each set of 
training data (i.e., three model selection exercises per season, based on data from each pair 
of years) and tested on the data from the remaining year. Although there were some slight 
variations in the best model selected for each data set, the variables with high scores of 
relative importance were consistently selected, and the resulting TSS and AUC values were 
similar to those obtained using the same best GAM(M) across all validation tests. For 
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simplicity, the results from this additional analysis are only summarised in the appendix 
(Appendix 2, Table A2.2).  
Maps of habitat suitability were created for each summer and winter, based on the 
probabilities of sperm whale presence modelled by the best GAM(M). The best model from 
each training data set was used to predict the presence probability at each location of the 
remaining year (i.e., each presence and pseudo-absence). Maps were created via spatial 
interpolation using inverse distance weighting to the first power (Ferguson et al. 2006a, b) 
using the ‘IDW’ tool in ArcGIS. Lastly, the Hikurangi marine reserve was overlaid on the 
habitat suitability maps to assess the extent of protection of sperm whale habitat. 
 
4.3.  Results 
4.3.1. Survey effort 
Sperm whale surveys were conducted over 169 days from May 2015 to January 2017, 
resulting in 899 h of effort (covering 6915 km), 287 search stations, and 643 sperm whale 
encounters (Table 4.2; Appendix 2, Fig. A2.8). The number of individual whales sighted per 
day ranged between 0 and 6 in summer (median = 2), and between 1 and 9 in winter (median 
= 4). Whales were foraging in the vast majority of encounters (95%), as identified by the 
detection of foraging clicks immediately before or after a surface interval. After filtering out 
repeated encounters with the same individual in a day, whales that were not foraging, and 
encounters for which a CTD cast was not available, a total of 334 presences were available 
for the SDMs. All sightings were of solitary males, except for six encounters with groups of 
two males. All these encounters were treated as a single presence for the purposes of the 
SDMs. A total of 360 pseudo-absence locations were generated in the areas surrounding the 
search stations within which no sperm whales were detected.  
A total of 513 CTD casts were carried out. Chl-a data could not be collected during eight days 
in winter 2017 due to malfunction of the sensor (27 CTD casts in total). Presence and absence 
data collected during these days were excluded from the SDMs.  
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Table 4.2. Summary of survey effort and sperm whale presences and pseudo-absences. ‘pres.’ = 
presence, ‘abs.’ = absence. *During summer 2016/17, data collection was discontinued over the period 



















Winter 2015 28 May – 30 Jul 26 149 1205 66 48 48 1.00 
Winter 2016 24 May – 31 Jul 24 147 968 72 83 83 1.00 
Winter 2017 23 May – 18 Jul 27 155 980 63 67 67 1.00 
Summer 2015/16 20 Oct – 30 Dec 37 145 1068 98 42 57 1.36 
Summer 2016/17 * 31 Oct – 18 Jan 23 102 797 65 25 39 1.56 
Summer 2017/18 2 Nov – 5 Jan 32 201 1896 122 69 66 0.96 
All winters  77 451 3153 201 198 198 1.00 
All summers  92 448 3761 285 136 162 1.19 
Total  169 899 6915 486 334 360 1.08 
 
4.3.2. Species-distribution models 
After excluding correlated terms among candidate explanatory variables (Appendix 2, Table 
A2.3), a total of nine and seven variables were included in the full models for summer and 
winter, respectively. VIFs among the resulting covariates were <2, indicating no issues with 
multi-collinearity. 
For summer, there was clear support for models that featured depth, slope, vertical 
temperature gradient (which was highly correlated with thermocline strength), and surface 
salinity as explanatory variables of sperm whale distribution (Table 4.3a, Fig. 4.3a). There 
was some uncertainty around which was the best model in the candidate set, with the 
highest-ranking model also including the variables salinity at 350m and surface chl-a, but 
closely followed by the two models that excluded each of these variables. The exclusion of 
salinity at 350m or surface chl-a reduced the explained deviance by only 1%, indicating a 
small contribution to explaining the total variability in sperm whale presence. There was 
very marginal support for the inclusion of thermocline depth or maximum chl-a, and no 
support for the inclusion of seafloor aspect (Table 4.3a). The highest-ranking models 
explained 27-28% of the variance. The presence of foraging whales in summer was correlated 
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with depths of 900 – 1300 m, relatively steep slopes (> 15%), strong vertical temperature 
gradients (> 4°C across the top 350 m), and surface salinities of 34.6 – 34.7 psu (typical of 
Subtropical Water at Kaikōura; Fig. 4.4). There was some evidence for a correlation of sperm 
whale presence with deep-water salinities > 34.65 psu (more saline Subtropical Water) and 
low surface chl-a (< 0.75 μg/l; Fig. 4.4), although the statistical significance of these 
correlations was low, especially in the case of surface chl-a (Table 4.4a). 
For winter, there was some uncertainty around model selection, but less so than for summer. 
The best model in the set had a weight of 39%, twice the support than for the second-best 
model. The best model explained 30% of the variance, and featured depth, aspect, maximum 
chl-a and depth of the chl-a maximum as explanatory variables of sperm whale distribution 
(Table 4.3b). There was marginal support for the inclusion of temperature in the surface layer 
(Table 4.3b), with low statistical significance for its correlation with whale distribution (Table 
4.4b). There was no support for inclusion of slope or surface salinity (Table 4.3b). In winter, 
whales foraged more often over depths of 500 – 800 m, north/northeast orientated slopes (0 
– 65°), and habitat where the sub-surface chl-a maximum was relatively low (0.5 – 0.9 μg/l) 
and at depths of 20 – 50 m (Fig. 4.5). 
 
  
Figure 4.3. Relative importance indices of habitat variables included in the models to explain presence 
of sperm whales foraging off Kaikōura. The index reflects the summed model probabilities of all the 
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Table 4.3. Model selection of (a) summer GAMs and (b) winter GAMMs used to explain presence of sperm whales. Model formulae and metrics of model 
performance are shown for models with Akaike weights ≥5%. SW = probability of sperm whale presence/absence; T = temperature; S = salinity; TC = thermocline; 
edf = estimated degrees of freedom; ∆AICC = difference in AICC score relative to best model in set; wi = Akaike weight (i.e., model probability); Adjusted R2 = 
explained variance; (1|subsite) = random effect included in all winter GAMMs. Note that the proportion of explained deviance cannot be computed for GAMMs.  
 
(a) Summer:    





1 SW  ~  depth + slope + T gradient 350m + surface S + S 350m + surface chl-a 12 0.00 0.21 0.28 26.2 
2 SW  ~  depth + slope + T gradient 350m + surface S + S 350m 11 0.82 0.14 0.27 25.5 
3 SW  ~  depth + slope + T gradient 350m + surface S                  + surface chl-a 11 1.11 0.12 0.27 25.3 
4 SW  ~  depth + slope + T gradient 350m + surface S + S 350m + surface chl-a + max chl-a 13 2.11 0.07 0.27 26.2 
5 SW  ~  depth + slope + T gradient 350m + surface S + S 350m + surface chl-a + TC depth 13 2.31 0.07 0.27 26.2 




   
Rank Model edf ∆AICC wi 
Adjusted 
R2 
1 SW  ~  depth + aspect + max chl-a + depth max chl-a + (1|subsite) 9 0.00 0.39 0.30 
2 SW  ~  depth                + max chl-a + depth max chl-a + (1|subsite) 8 1.49 0.19 0.25 
3 SW  ~  depth + aspect + max chl-a + depth max chl-a + T 10m + (1|subsite) 11 2.12 0.14 0.30 
4 SW  ~  depth                + max chl-a + depth max chl-a + T 10m + (1|subsite) 10 3.75 0.06 0.26 
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Table 4.4. Smooth terms from (a) summer GAMs and (b) winter GAMMs used to explain presence of 
sperm whales. Estimated degrees of freedom (edf) and significance (p-value, in brackets) of smooth 
terms retained in each model are shown for models with Akaike weights ≥5%. The formula of each 
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Figure 4.4. Effect of habitat variables on sperm whale distribution during SUMMER, estimated with 
the highest-ranking generalised additive model. (a) Seafloor depth, (b) slope, (c) vertical temperature 
gradient between the surface and 350 m, (d) surface salinity, (e) salinity at 350 m, (f) surface chl-a. The 
y-axes show the smooth function of each variable, with the estimated degrees of freedom in brackets. 
Shaded areas represent 95% confidence intervals of the response. Rug plots (vertical black lines above 
the x-axis) represent the x-value of each data point. 




Figure 4.5. Effect of habitat variables on sperm whale distribution during WINTER, estimated with 
the highest-ranking generalised additive mixed model. (a) Seafloor depth, (b) slope aspect, (c) sub-
surface chl-a maximum, (d) depth of sub-surface chl-a maximum. The y-axes show the smooth 
function of each variable, with the estimated degrees of freedom in brackets. Shaded areas represent 
95% confidence intervals of the response. Rug plots (vertical black lines above the x-axis) represent 






Chapter 4 – Habitat preferences  106 
 
4.3.3. Model evaluation 
The highest-ranking model in each season was used to create maps of habitat suitability for 
each year, based on the predictions of probability of sperm whale presence. In summer, the 
model consistently predicted the most suitable habitat to be in the Kaikōura Canyon, 
especially along the slopes, and over the smaller gullies situated over the 1000 m depth 
contour further offshore (Fig. 4.6a-c). The summer habitat predicted to be most suitable for 
foraging was generally consistent with the areas of higher sperm whale densities (Fig. 4.6d).  
In winter, the Conway Trough and the sides of the Conway Ridge were consistently 
predicted as areas of high habitat suitability (Fig. 4.7a-c). There was some inter-annual 
variability in the predictions at the head of the Kaikōura Canyon (with low whale probability 
in 2015, high in 2016, and intermediate in 2017), as well as on the northeast part of the study 
area (with high probability in 2015 only). Overall, the winter habitat predicted to be most 
suitable for foraging was generally consistent with the areas of highest sperm whale 
densities (Fig. 4.7d), but less so than in summer. The winter models correctly predicted a 
lower density of sperm whales in the eastern half of the study area (including the Kaikōura 
Canyon), as illustrated by the low-to-intermediate probabilities in this region (Fig. 4.7d). 
The overlap of the Hikurangi Marine Reserve with preferred sperm whale habitat strongly 
differed between summer and winter. In summer, a large portion of the reserve contained 
habitat predicted to be most suitable for foraging, although there were still large areas of 
high habitat suitability outside the reserve (Fig. 4.6e). In contrast, there was very little overlap 
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Figure 4.6. Habitat preferences 
of sperm whales foraging off 
Kaikōura during SUMMER. 
Values of habitat suitability are 
based on generalized additive 
model predictions of sperm 
whale probability, according to 
the habitat variables that 
characterise each presence or 
absence location of that 
particular year. Each year was 
mapped independently, using 
training data from (a) 2016/17 
and 2017/18, applied to 
2015/16, (b) 2015/16 and 
2017/18, applied to 2016/17, 
and (c) 2015/16 and 2016/17, 
applied to 2017/18, with all 
summer predictions combined 
in (d) and (e). The actual sperm 
whale presences and pseudo-
absences are shown in (d) to 
visualise the model validation 
results, and the Hikurangi 
Marine Reserve is overlaid in 
(e). 
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Figure 4.7. Habitat preferences 
of sperm whales foraging off 
Kaikōura during WINTER. 
Values of habitat suitability are 
based on generalized additive 
model predictions of sperm 
whale probability, according to 
the habitat variables that 
characterise each presence or 
absence location of that 
particular year. Each year was 
mapped independently, using 
training data from (a) 2016 and 
2017, applied to 2015, (b) 2015 
and 2017, applied to 2016, and 
(c) 2015 and 2016, applied to 
2017, with all winter 
predictions combined in (d) 
and (e). The actual sperm 
whale presences and pseudo-
absences are shown in (d) to 
visualise the model validation 
results, and the Hikurangi 
Marine Reserve is overlaid in 
(e). 
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The predictive accuracy of the best models for summer and winter were assessed via multi-
fold validation (Table 4.5). In the three possible validation tests for summer, the best model 
correctly predicted between 67 and 80% of the presences and between 59 and 82% of the 
absences, resulting in a mean TSS of 0.43. The estimated AUC values ranged between 0.76 
and 0.82. These results indicated consistency in foraging habitat among years and good 
model performance, providing assurance that it was not overfitted. The results of the 
validation tests were more variable in winter, with the best model correctly predicting 
between 50 and 83% of the presences and between 61 and 70% of the absences, resulting in 
a mean TSS of 0.34. AUC values ranged between 0.65 and 0.76. These results indicated that 
the model had useful predictive power, but with slightly worse performance than in 
summer. This was mostly due to the low proportion of predicted presences in winter 2015, 
for which year the model appears to be slightly overfitted, with a relatively low TSS value in 
spite of a high level of explained variance.  
 
Table 4.5. Metrics of model performance for the (a) summer GAMs and (b) winter GAMMs used to 
predict habitat suitability for sperm whales foraging off Kaikōura. TSS = true skill statistic; AUC = area 
under the receiver operating curve; adjusted R2 = explained variance. Sensitivity = proportion of 
correctly predicted presences; specificity = proportion of correctly predicted pseudo-absences. Note 
that the proportion of explained deviance cannot be computed for GAMMs.  
 









2016/17, 2017/18 2015/16 0.67 0.82 0.49 0.82 0.25 24.9 
2015/16, 2017/18 2016/17 0.80 0.64 0.44 0.77 0.29 28.6 
2015/16, 2016/17 2017/18 0.75 0.59 0.34 0.76 0.32 31.0 
Mean values 0.74 0.69 0.43 0.78 0.29 28.2 
        
 
(b) Winter 








2016, 2017 2015 0.50 0.69 0.19 0.65 0.41 
 
2015, 2017 2016 0.83 0.61 0.45 0.76 0.24  
2015, 2016 2017 0.67 0.70 0.37 0.71 0.33  
Mean values 0.67 0.67 0.34 0.71 0.33 
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4.4. Discussion 
Sperm whales in and around the Kaikōura Canyon are selective about where they forage. 
Their preferred habitat is characterised by specific topographic and hydrographic features, 
which are likely to reflect optimal foraging owing to higher prey abundance and/or ease of 
capture. The data obtained over a three-year period showed that whale distribution could 
be partially explained by seafloor depth, slope features, thermal stratification of the water 
column, and low sub-surface peaks in chl-a concentration. The inclusion of water column 
oceanographic data in season-specific SDMs advanced our understanding of how sperm 
whales utilise a dynamic environment to meet their high energy requirements. 
4.4.1. Foraging habitat preferences in summer 
In summer, foraging occurred more often over depths of 900 – 1300 m. Seafloor depth is 
typically a good predictor of sperm whale presence in SDMs (Praca et al. 2009, Pirotta et al. 
2011, Torres et al. 2011, Tepsich et al. 2014), although the preferred depths vary with region. 
Off Kaikōura in summer, foraging occurs in mid-water (at around 500 and 850 m) and in 
proximity to the seafloor at 900 – 1300 m (Miller et al. 2013a, Guerra et al. 2017), consistent 
with the depth preferences indicated by the GAMs. The environmental drivers that 
aggregate prey in pelagic and demersal layers are likely to differ, but the preferred depths 
may reflect areas where prey are available in more than one layer. The preferred range is 
similar to the depths over which the benthopelagic warty squid (Onykia ingens) are thought 
to be most abundant (800 – 1100 m, Anderson et al. 1998, Jackson et al. 2000), consistent with 
the suggestion that this is one of the main prey items in the Kaikōura/Cook Strait region 
(Gaskin & Cawthorn 1967).  
Sperm whales also favoured habitat with steep slopes and strong vertical temperature 
gradients. Strongly stratified waters can concentrate nutrients, organic matter and small 
planktonic organisms (Franks 1992, Puskaric et al. 1992, Papiol et al. 2012). Slopes can interact 
with currents to aggregate zooplankton and small nekton, in addition to truncating the 
vertical distribution of pelagic organisms (Mauchline & Gordon 1991, Nesis 1993, Sutton et 
al. 2008). These habitat features can locally enhance the availability of food resources for 
higher trophic level consumers (Hansen et al. 2001, Azzellino et al. 2008, Sutton et al. 2008, 
Hazen & Johnston 2010), potentially increasing the densities of sperm whale prey. Indeed, 
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strong evidence suggests that thermally stratified waters and steep slopes provide 
favourable conditions for deep-water squid (Nesis 1993, Röpke et al. 1993, Quetglás et al. 
2000, Vidal et al. 2010, Crespi-April et al. 2013), including warty squid, which tend to 
aggregate over steep slopes (Jackson et al. 2000). The association between sperm whales and 
steep seafloor gradients is consistent with previous studies (Gregr & Trites 2001, Torres et al. 
2011, Tepsich et al. 2014, Sagnol et al. 2014b). Although this is the first study to find a direct 
correlation between sperm whale presence and vertical temperature gradients, previous 
studies have shown higher occurrences of whales in regions with typically stronger 
stratification (Gaskin 1973, Griffin 1999). This hydrographic feature also enhances prey 
availability for other deep-diving predators, such as beaked whales (Ferguson et al. 2006a, 
Hazen et al. 2011) and fur seals (Nordstrom et al. 2013). The vertical temperature gradient 
was measured over the top 350 m of the water column, which is shallower than where sperm 
whales typically forage (Miller et al. 2013a, Guerra et al. 2017). The influence of thermal 
stratification on foraging is therefore clearly not direct, but there may be an indirect 
mechanism that contributes to higher prey availability. A likely candidate to mediate this 
link is the deep scattering layer (DSL), composed of mesopelagic organisms and situated 
between 200 and 600 m deep (Johnson 1948, Hays 2003). The DSL responds to vertical 
thermal gradients (Hazen & Johnston 2010, Fennell & Rose 2015) and is thought to contain 
prey for species that sperm whales feed on (Guerra et al. 2017). 
While steep slopes are a permanent habitat feature, vertical temperature gradients are 
dynamic, changing spatially and over time according to seasonal cycles of thermal 
stratification and the influence of other mixing processes (Segar 2007). As SDMs respond to 
both temporal and spatial changes in predictor variables, the selection of important 
oceanographic factors might reflect, to some extent, temporal changes in the quality of 
foraging habitat. Abundance of sperm whales off Kaikōura is typically low at the start of 
spring/summer, increasing gradually as the season progresses (Appendix 2, Fig. A2.9a). 
Thermal stratification strengthened throughout November and December (Appendix 2, Fig. 
A2.9b, A2.10b), increasing at a similar rate to the number of sperm whales present in the 
area. Although no causation can be established from this concurrent trend, it is possible that 
the increase in stratification influences the arrival of sperm whales by facilitating prey 
aggregations. This progression could be driven by the thermal gradient itself or by other 
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associated environmental processes. In any case, the synchronicity between the arrival of 
whales and the increase in thermal gradient is likely to be an expression of oceanographic 
changes modifying the trophic dynamics in the canyon. This process is worthy of further 
investigation. 
Sperm whale foraging during summer also occurred more often in areas of higher salinities, 
where subtropical water (STW) was the dominant water mass. STW is relatively warm and 
saline, poor in macro-nutrients and relatively rich in iron (Heath 1981, Boyd et al. 1999, 
Hamilton 2006). It is possible that STW indirectly contributes to a more favourable habitat 
for prey, for example through a preference for more saline waters by oceanic species. 
However, a more likely explanation for the observed correlation is that whales forage most 
often over offshore waters, where STW is typically found, rather than closer inshore where 
neritic water is present. 
The areas of highest habitat suitability during summer were inside the canyon and the gullies 
further offshore, consistent with distribution patterns observed by Jaquet et al. (2000). 
Previous studies have suggested that the high productivity and habitat diversity of 
submarine canyons can lead to localised high densities of fish and squid (Vetter & Dayton 
1998, Bosley et al. 2004, De Leo et al. 2010, Papiol et al. 2012). The results from this study 
suggest that, during summer, the Kaikōura Canyon provides a favourable combination of 
oceanographic and topographic features that facilitate prey aggregations, and/or improve 
their catchability, creating high quality foraging habitat for sperm whales. 
4.4.2. Foraging habitat preferences in winter 
In winter, whales foraged most often over seafloor depths of 500 – 800 m. A preference for 
shallower habitats than in summer is consistent with the seasonal variation in diving and 
echolocation behaviour of sperm whales at Kaikōura. In winter, whales perform shorter 
dives with shorter surface intervals (Jaquet et al. 2000), start foraging at shallower depths at 
the start of their dives (Guerra et al. 2018), and their shorter initial inter-click intervals are 
indicative of shallower search ranges (Isojunno et al. 2011, MMRG unpublished data). A 
preference for shallower depths suggests that sperm whales hunt different prey in winter 
and summer, with potentially smaller energetic demands during winter.  
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The distribution of sperm whales during winter was correlated with north/northeast 
orientated slopes. Although the fundamental reasons behind this association cannot be 
determined, it is most likely to reflect some form of interaction between the local circulation 
patterns and the topography. The dominant hydrological feature off Kaikōura is the 
Southland Current, flowing from the southwest to the northeast (Heath 1972a, b, 1985, 
Chiswell & Schiel 2001). Elsewhere, organic matter and planktonic organisms have been 
shown to accumulate in the lee (downstream) of slopes (Allen et al. 2001, Palanques et al. 
2006). Enriched deposition of organic matter, in turn, can enhance food availability for 
benthic faunal communities (Nodder et al. 2003, De Leo et al. 2010, Papiol et al. 2012). The 
interaction between the Southland Current and the local bathymetry may mean that prey 
aggregate over northeast facing slopes, providing enhanced foraging opportunities for 
sperm whales. Slope orientation influences the spatial distribution of sperm whales around 
the Balearic Islands (Pirotta et al. 2011) and of Blainville’s beaked whales in the Abaco 
canyons off the Bahamas (MacLeod & Zuur 2005). The orientation of submarine canyons, 
known to influence local hydrographic properties and zooplankton distributions (Macquart-
Moulin & Patriti 1996, Allen et al. 2001), appears to also determine how top predators use 
their habitat.  
The winter GAMs indicated that sperm whales foraged more often in areas where the sub-
surface peak in chl-a was relatively low, and where the peak was at depths between 20 and 
50 m. It is important to note, however, that the general area off Kaikōura is characterised by 
high pelagic primary productivity (Leduc et al. 2014). Although the preferred chl-a values 
(0.5 – 0.9 μg/l) are low compared to the available range within the study area, they are still 
indicative of relatively high density of phytoplankton. The observed correlation might be an 
artefact of the small spatiotemporal scale of the study. While the strength of this approach is 
to detect fine-scale spatial patterns in habitat use, it is not well set up to account for the large 
time lags needed for top predators to respond to changes in primary productivity at the base 
of the food web (Jaquet 1996, Croll et al. 2005), unless the spatial patterns are stable over 
time. Studies at larger spatial scales have identified a relationship between lagged chl-a 
surface concentrations and the distribution of top predators weeks or months later (Jaquet & 
Whitehead 1996, Wong & Whitehead 2014, Giorli et al. 2016). Nevertheless, the distribution 
of top predators can correlate with sub-surface chl-a peaks in real time (Scott et al. 2010, Saijo 
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et al. 2017), possibly driven by a more temporally stable relationship with increased densities 
of mesopelagic prey (Hazen & Johnston 2010, Saijo et al. 2017). The importance of sub-surface 
chl-a peaks for top predators remains poorly understood, but could have an important role 
in shaping their distributions. Alternatively, the preference for habitat with low sub-surface 
chl-a might reflect correlation with an unmeasured environmental variable, or with the as 
yet poorly understood habitat preferences of sperm whale prey.  
The areas predicted by the GAMs to have the highest habitat suitability during winter were 
the Conway Trough and the slopes of the Conway Ridge. These areas overlap with spots 
where commercial fishermen find high abundances of demersal and benthopelagic fish 
during winter, including hāpuku and ling (Ben Cooper, pers. comm.), and sperm whales 
sometimes forage in proximity to fishing net locations (pers. obs.). This supports the 
hypothesis that the whales’ habitat preferences are partly reflecting the habitat requirements 
of demersal fish. It is consistent with stable isotope analyses of sperm whales and potential 
prey (Chapter 3), which suggest that demersal fish make up a larger proportion of the 
whales’ diet in winter than in summer. 
4.4.3. Habitat preferences in the context of seasonal and inter-annual variability 
Overall, differences in foraging habitat preferences of sperm whales off Kaikōura between 
summer and winter are consistent with seasonal patterns in diving and echolocation 
behaviour (Jaquet et al. 2000, Guerra et al. 2018) and stable isotope signatures (Chapters 2 & 
3). This synchrony leaves little doubt that sperm whales modify their behaviour, spatial 
distribution and diet in response to temporal fluctuations of prey availability off Kaikōura. 
The differences between habitat preferences in summer and winter indicate that many of the 
processes described vary over seasonal time scales. Therefore, it is important to consider the 
dynamic nature of the explanatory variables and the lag times which might influence the 
distribution of high trophic level predators. 
There was some inter-annual variability in the distribution of preferred habitat. For example, 
the head of the Kaikōura Canyon was not predicted as particularly good habitat in winter 
2015, but very favourable in winter 2016. Natural fluctuations in climate conditions among 
years are likely to be partially responsible for this – for example, during the three years of 
the study, New Zealand experienced a La Niña, a normal, and an El Niño stage of the 
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Southern Oscillation Index (NIWA 2018). In addition, a strong earthquake affected Kaikōura 
in November 2016, resulting in substantial changes to the canyon seabed (Mountjoy et al. 
2018), and in the spatial distribution and behaviour of sperm whales (Guerra et al. 2018). 
Differences in habitat use before vs after the earthquake (i.e., three field seasons pre- and 
three seasons post-earthquake) probably introduced unusual variability in the distribution 
of optimal foraging habitat. Such variability was not easily accounted for by the models, 
probably lowering the proportion of explained variance. 
4.4.4. Strengths and limitations of species-distribution models 
Linking environmental conditions to specific behaviours by organisms (e.g., breeding, 
foraging, calving) can greatly enhance the accuracy of species-habitat models (Shillinger et 
al. 2011, Doniol-Valcroze et al. 2012, Rayment et al. 2014). Modelling habitat preferences at a 
feeding ground, and the use of echolocation clicks to define the presence or absence of 
foraging, was a convenient way to relate optimal habitat specifically to foraging 
requirements. The models performed well in predicting sperm whale presence off Kaikōura, 
particularly in summer. The nature of cetacean-habitat relationships strongly depends on 
the resolution at which the variables involved are examined (Jaquet 1996, Pirotta et al. 2011), 
with larger spatial scales generally resulting in more accurate model predictions (Karl et al. 
2000). In this study, however, metrics of model performance (i.e., sensitivity, specificity and 
AUC values) were within the range of other sperm whale distribution models (e.g., Praca et 
al. 2009, Torres et al. 2011, Pirotta et al. 2011, Tepsich et al. 2014), in spite of the data being 
gathered over a much smaller area. The SDMs successfully characterised variations in 
foraging distribution over relatively small distances (< 5 km), providing insights into fine 
scale habitat selection within a canyon system. Building habitat models at a fine spatial 
resolution, however, presented some challenges. The performance of the SDM was probably 
reduced by the mobility of sperm whales and the mismatch between foraging depths (> 400 
m) and measurement of oceanographic features (< 400 m). In addition, the naturally low 
densities at which whales are found meant that considerable research effort was required to 
collect enough sightings data within the study area. For future research, alternative 
analytical techniques (such as boosted regression trees or Bayesian occupancy models) may 
improve the power to detect important species-habitat relationships (Redfern et al. 2006).  
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While including oceanographic data from the water column is an advancement in the habitat 
modelling for sperm whales, hand hauling a CTD imposed some limitations. These included 
the depth restrictions of an instrument small enough to be hauled from a small vessel, and 
the long time required to carry out each cast (c. 25-30 mins), which meant that more intensive 
sampling within pseudo-absence areas was not practical. Consequently, I was necessarily 
constrained to making inferences about deep foraging habitat from observations in the top 
350 m, and to assume that oceanographic characteristics did not vary substantially within 
2.5 nmi. More complete water column data would remove the need to make these 
assumptions and possibly improve model performance, but would come at the expense of 
requiring a larger vessel and more expensive instruments.  
4.4.5. Overlap with marine reserve 
Marine protected areas (MPAs) have the potential to be a powerful tool for the conservation 
of pelagic ecosystems and top predators (Hooker et al. 1999, Hyrenbach et al. 2000). 
However, designating an MPA that is actually effective is challenging (Hooker et al. 2011). 
The value of the Hikurangi Marine Reserve for the protection of sperm whales and their 
foraging habitat depends mainly on the benefit of: (1) reducing the risk of entanglement with 
fishing gear, and (2) reducing the effects of fishing pressure on sperm whale prey. The main 
deep-water commercial fisheries that operate off Kaikōura use demersal gillnets and long-
lines. There is some risk of entanglement (Reeves et al. 2013), given the spatial overlap 
between fishing and sperm whale distribution, however the rate of interaction with fishing 
gear is unknown. There is also overlap between the commercially targeted species and sperm 
whale prey – mainly demersal fish (e.g., hāpuku, ling), which are targeted more often in 
winter by fisheries and possibly whales. In this context, the marine reserve offers marginal 
protection during winter, given the small spatial overlap with the whales’ foraging areas. In 
summer there is more overlap, with potentially some benefit from reducing the chances of 
entanglement and prey extraction. However, since most fishing used to take place outside 
the reserve boundaries anyway, the reserve has done little to remove or displace fishing 
effort. Therefore, it seems that the current reserve is not a particularly useful conservation 
measure for Kaikōura sperm whales. Modifying the boundaries to cover more foraging 
habitat would be beneficial by reducing entanglement risk. Better knowledge on the indirect 
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impacts of fisheries on the population would be necessary to make a well-informed 
judgement on the potential protection value of the reserve in terms of prey competition. 
4.4.6. Future research 
Information on the temporal and spatial variation of foraging distribution is key to 
understanding how populations of top predators may respond to changes in their 
environment (Arnould et al. 2011). The correlation of vertical gradients of temperature with 
sperm whale foraging habitat suggests that inter-annual variability in ocean conditions 
could influence prey abundance and whale distribution off Kaikōura. Potential linkages 
between oceanographic patterns and sperm whale distribution are therefore worthy of 
investigation and addressed in Chapter 5. 
While SDMs based on environmental variables provide important insights into the habitat 
use of sperm whales, they are clearly a simplification of the intricate relationships between 
foraging and the environment. Incorporating information on other relevant topographic and 
oceanographic variables (e.g., sediment type, habitat rugosity, topographic enclosure, water 
flow, dissolved oxygen, nutrients) and from greater depths (i.e., to sperm whales diving 
depths) could improve our understanding of what constitutes quality habitat. There is still 
much to learn about the specific mechanisms that cause aggregations of sperm whale prey. 
This is reflected in the moderate variability explained by sperm whale habitat models 
globally (typically less than 40%), which is good but could be improved. To date, what is 
missing from sperm whale habitat models is information on prey availability and 
distribution. Simultaneous sampling of foraging depths, environmental variables and prey 
fields (e.g., using hydro-acoustic surveys; Hazen et al. 2009, 2011, Benoit-Bird et al. 2013) is 
the next step to unravelling the foraging ecology of sperm whales and understanding their 
close association with submarine canyons. 
4.4.7. Conclusions 
The heterogenous distribution of sperm whales off Kaikōura reflected a selectivity for 
habitats with favourable foraging conditions, which were relatively consistent over a three-
year period. A GAM approach to presence-absence SDMs indicated that the whales’ spatial 
distribution was shaped by oceanographic and topographic features. Physical factors that 
resulted in concentrating and aggregating processes were particularly important, 
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highlighting the role of submarine canyons in enhancing prey availability and attracting top 
predators (Moors-Murphy 2014). These factors included strong vertical thermal gradients, 
steep slopes, and slope orientations that are likely to interact with local currents and 
concentrate food resources. An inverse correlation with the sub-surface peak in chl-a 
suggested a complex and indirect relationship with primary productivity, stressing the need 
for further study of the oceanographic and trophic dynamics in the area. There was strong 
evidence for seasonality in habitat use, suggesting that the Kaikōura feeding ground 
provides a temporally dynamic range of foraging opportunities for sperm whales. The 
seasonal variation in distribution also resulted in temporally varying overlap with the 
Hikurangi Marine Reserve, with marginal protection of foraging habitat during winter. This 
study advanced our understanding of the environmental features that are important for male 
sperm whales foraging off Kaikōura. The results establish a framework for investigating the 
possible relationship between long-term changes in ocean conditions and the abundance of 
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Multiple studies worldwide have documented changes in the population dynamics of 
marine predators concurrent with environmental variability (e.g., Baker et al. 2007, Trathan 
et al. 2007, Carroll et al. 2015). Although the underlying causes are often uncertain, it is well 
understood that oceanographic fluctuations, such as El Niño Southern Oscillation (ENSO), 
can strongly alter food webs (Barber & Chavez 1983, Ainley et al. 1995, Markaida 2006). 
Climate-driven changes in sea temperature and primary productivity can change the 
distribution and abundance of zooplankton and other organisms at low trophic levels (Baier 
et al. 2003, Trathan et al. 2003). In turn, variations in prey densities can affect the distributions 
and foraging behaviour of predators (Lea et al. 2006, Worm & Tittensor 2011, Bost et al. 2015). 
In severe cases, if food becomes limited, reproduction and survival can be impacted (Forcada 
et al. 2005, Soto et al. 2006, Baker et al. 2007). In the context of rapidly changing climate 
(Hoegh-Guldberg & Bruno 2010), long-term studies of population dynamics are important 
for understanding how marine predators respond to variability in ocean conditions.  
Based on time-series data spanning 28 years, the number of sperm whales foraging at 
Kaikōura is in decline (Somerford 2018). The trend is driven by fewer whales visiting 
Kaikōura during spring/summer, however the ultimate reasons for this are unknown. In 
addition, abundance in winter has been relatively consistent over the years, while in summer 
it has been more variable (Somerford 2018). The most likely explanation for the decline is a 
change in distribution away from the area, potentially driven by ecological or oceanographic 
variability affecting prey availability during summer. It is therefore important to investigate 
changes in whale abundance in relation to environmental conditions. The long-term series 
of abundance data (Marine Mammal Research Group, University of Otago; Somerford 2018), 
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combined with satellite-derived oceanographic records, provide a unique opportunity to 
address this question. While additional factors could contribute to a change in distribution 
(e.g., whale-watching tourism, fishing), assessing their influence was beyond the scope of 
this thesis. 
There are several reasons why oceanographic variability might affect sperm whales and their 
food web. Studies elsewhere have suggested that changes in population size may be related 
to environmental shifts (Cantor et al. 2017), and that warm temperature anomalies decrease 
feeding success (Whitehead et al. 1989, Smith & Whitehead 1993) and modify residency 
patterns (Whitehead 1996). In addition, it has already been demonstrated that climate 
variations can affect the marine food web at Kaikōura. The abundance of euphausiid krill is 
correlated with ENSO variability, the occurrence of north-east winds, and the influx of colder 
waters from areas to the south of Kaikōura (Mills et al. 2008). In turn, variability in krill 
abundance influences the reproductive performance of red-billed gulls (Larus novahollandiae; 
Mills et al. 2008). Lastly, squid, which are major prey for sperm whales, are very sensitive to 
environmental variability, particularly in sea temperatures (Waluda et al. 1999, Sims et al. 
2001, Pierce & Boyle 2003, Markaida 2006, Pecl & Jackson 2008). This is of particular interest, 
given the warming in coastal waters around New Zealand over the last few decades, 
including off Kaikōura (Schiel et al. 2016, Shears & Bowen 2017). 
The Kaikōura Canyon is in a very dynamic oceanographic setting (Larivière 2001). It lies near 
the highly productive Subtropical Front (STF; Murphy et al. 2001, Sutton 2001), which passes 
about 150 km to the southeast (Fig. 5.1). The STF is a global oceanic boundary where 
relatively warm, saline, macronutrient-poor (e.g., nitrate) and micronutrient-rich (e.g., iron) 
Subtropical Surface Waters (STW) converge and mix with cooler, fresher, macronutrient-rich 
yet micronutrient-poor Subantarctic Surface Waters (SAW) (Heath 1981, Sutton 2001, 
Hamilton 2006, Chiswell et al. 2015). East of New Zealand, the STF extends eastward along 
the southern edge of the Chatham Rise. However, on the western side of the Rise, ’wisps’ of 
SAW regularly flow through the Mernoo Saddle, intruding northwards across the STF into 
the region south of Kaikōura (Shaw & Vennell 2000) as part of an extension of the Southland 
Current (eSC). This eSC is the main coastal current flowing past Kaikōura (Chiswell 1996). 
Further offshore, the eSC interacts with subtropical eddies shed by the warmer East Cape 
Current (Greig & Gilmour 1992).  
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Figure 5.1. Schematic representation of the oceanographic setting of the Kaikōura Canyon. The main 
ocean currents include the Southland Current (SC), extensions of the Southland Current (eSC), the 
d’Urville Current (dUC), and East Cape Current (ECC). The main eddies are the Wairarapa Eddy 
(WE), Hikurangi Eddy (HE) and E3. The water masses are Subtropical Water (STW) and Subantarctic 
Water (SAW). The Subtropical Front (STF) is indicated in light green. Depth contours show 200, 1000 
and 2000 m isobaths. MS = Mernoo Saddle, BP = Banks Peninsula. Locations of currents and eddies 
are based on Heath (1972b, 1975), Greig & Gilmour (1992), Roemmich & Sutton (1998), Shaw & Vennell 
(2000) and Chiswell et al. (2015). 
 
Thermal stratification is an important factor shaping the foraging distribution of sperm 
whales during summer (Chapter 4), and pelagic primary production is an important source 
of carbon sustaining the whales’ food web (Chapter 3). It is therefore relevant to examine 
how whale abundance correlates with processes that affect the temperature regime and 
phytoplankton productivity. Of particular interest is the wisp of SAW that typically flows 
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northward through the Mernoo Saddle toward Kaikōura (Shaw & Vennell 2000). This wisp 
weakens from June to October, due to southward extensions of STW which block its passage 
(Shaw & Vennell 2000). Variations in intrusions of SAW could affect primary production, 
heat fluxes or circulation patterns off Kaikōura, with flow-on effects for the canyon food web. 
Indeed, the seasonal cycle of the SAW wisp broadly coincides with changes in abundance, 
distribution, and diving behaviour of the whales, potentially caused by changes in prey 
availability, as suggested by Jaquet et al. (2000). However, the effect of the SAW wisp on 
sperm whales or other marine mammals has never been systematically investigated.  
Temperature and productivity can also be influenced by ENSO and the Southern Annular 
Mode (SAM), the main climate modes affecting the marine environment around New 
Zealand (Bhaskaran & Mullan 2003, Renwick & Thompson 2006). ENSO results from ocean-
atmosphere interactions in the tropical Pacific Ocean, and is associated with global climatic 
anomalies (Barber & Chavez 1983, Wang et al. 2017). ENSO influences sea temperatures and 
thermal stratification, among other processes, and is thought to impact the feeding success 
of sperm whales (Smith & Whitehead 1993, Whitehead & Rendell 2004), and the distribution 
of other top predators (Neumann 2001, Bost et al. 2015, Sprogis et al. 2017). The SAM 
modulates the latitude and strength of the belt of westerly winds around the Southern Ocean 
(Gong & Wang 1999, Lovenduski & Gruber 2005). Fluctuations in the SAM cause changes in 
sea temperatures, stratification and primary production through the Southern Ocean 
(Lovenduski & Gruber 2005, Gillet et al. 2006, Sallée et al. 2010), but its effect on marine 
predators is not well understood (Forcada & Trathan 2009).  
Before changes in oceanographic conditions affect the food webs and distribution of marine 
predators, lags of weeks to months can occur (Jaquet 1996, Croll et al. 2005). For example, 
previous studies have suggested that primary productivity influences sperm whales at lags 
of 0 to 6 months (Jaquet et al. 1996, Praca et al. 2009, Pirotta et al. 2011, Wong & Whitehead 
2014, Giorli et al. 2016). Correlations between sea temperature and sperm whale distribution 
have been recorded at lags of 0 to 1 months (Pirotta et al. 2011, Torres et al. 2011, Wong & 
Whitehead 2014), while squid can respond to changing temperatures after weeks, months, 
and over a year (Waluda et al. 1999, Sims et al. 2001, Pierce & Boyle 2003). Time lags for the 
effect of ENSO on marine predators range from no lag to more than one year (Smith & 
Whitehead 1993, Forcada et al. 2005, Soto et al. 2006, Sprogis et al. 2016).  
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In this study, I investigated the environmental factors that might explain the inter-annual 
variability in abundance of sperm whales at Kaikōura during summer. Specific questions 
included: 
1) Are fluctuations in ocean conditions correlated with the abundance of sperm whales? 
2) What are the temporal lags for the effect of environmental variables on the whales? 
3) Does environmental variability help to explain the long-term decline in whale 
abundance? 
To address these questions, I used data on relative abundance of sperm whales at a monthly 
scale and total abundance at a seasonal scale during summer from 1990 to 2017. In 
combination with satellite-derived oceanographic data and climatic indices, I explored 
associations between whale abundance and environmental variables at different time lags. 
Due to the study area covering only part of the sperm whales’ distribution, abundance at 
Kaikōura does not reflect population size (number of whales alive) but rather the number of 
whales present in the area during a sampling period. 
 
5.2. Methods 
5.2.1. Sperm whale photo-identification surveys 
The study site is an area of 850 km2, to the south and east of the Kaikōura Peninsula, centred 
over the Kaikōura Canyon (Fig. 5.2). Photo-identification surveys for sperm whales were 
carried out by the Marine Mammal Research Group (MMRG, University of Otago) from 1990 
to 2017, for a total of 18 summers and 21 winters (detailed in Somerford 2018). Field seasons 
ranged from two weeks to three months in duration, typically between November and 
January (spring-summer, hereafter ‘summer’) and between June and July (hereafter, 
‘winter’). Surveys were carried out from small (c. 6 m) research boats, powered by outboard 
engines. Despite subtle differences in methodology since 1990, survey protocol was fairly 
consistent, and aimed to search the study area as uniformly as permitted by the weather 
conditions.  
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Figure 5.2. Locations of data collection for the analysis of correlations between abundance of sperm 
whales off Kaikōura and satellite-derived oceanographic variables. Locations include the study area 
where sperm whale photo-identification surveys were conducted from 1990 to 2017 (dashed blue line), 
area for characterising SST and SSC off Kaikōura (red and green squares, respectively), and areas for 
characterising SST of Subantarctic water (SAW), Subtropical water (STW) and at the Mernoo Saddle 
(orange squares), required to calculate the Mernoo Saddle mixing ratio.  
 
Whales were tracked acoustically with a custom-built directional hydrophone (Dawson 
1990) until visually located at the surface. Data collected during a sperm whale encounter 
included the time and location of dive, and a photograph of the flukes for individual 
identification, taken at the time of diving (Childerhouse et al. 1995). While camera equipment 
changed over the 28 years of study, photographic methods remained consistent. Search effort 
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data were available since 1994, with the position of the research vessel logged at least once 
every 120 s. Search effort and encounter data were recorded on a HP-200LX palmtop 
computer running custom written software and interfaced with a GPS, or on a Samsung 
Galaxy Tab A tablet running Cybertracker software. Research was conducted during 
daylight hours, in sea states ≤ Beaufort 3 and swell heights ≤ 2 m. 
Photo-identification methods are detailed in Childerhouse et al. (1995, 1996). Briefly, the 
identity of each whale was determined by matching its photograph to the existing Kaikōura 
photo-ID catalogue. The use of poor-quality images can result in mis-identifications and 
heterogeneity of capture probability (Urian et al. 2015). Therefore, to be included in the 
analysis, photographs had to meet the following criteria: the entire trailing edge and notch 
of the flukes must be included in the photo, the flukes must be vertical and in focus, and the 
photograph must be taken at a perpendicular angle with the flukes. The photo-identification 
data set from 1990 to 2017 included 6231 sightings, resulting in 2111 sightings after excluding 
repeated encounters with the same individual in a day. 
5.2.2. Monthly averages of relative abundance  
To quantify the relative abundance of sperm whales within the study area in summer, I 
calculated the average ‘abundance index’ for each month. The abundance index was defined 
as the number of individuals encountered per 25 nmi in a day, standardised by survey effort. 
Only data from November, December and January were used to maximise consistency 
among summers. For each day, the relative abundance index (AI) was calculated as: 
𝐴𝐼 =  
𝑁𝑖
𝑠𝑢𝑟𝑣𝑒𝑦 𝑒𝑓𝑓𝑜𝑟𝑡𝑖
 𝑥 25 
where Ni = the number of unique individuals encountered on day i, and survey efforti = the 
distance covered searching for whales on day i, in nautical miles (nmi). The multiplier 25 
was included to obtain an intuitive measure of relative whale abundance (e.g., Jaquet & 
Gendron 2002, De Stephanis et al. 2008), based on 25 nmi being the average distance covered 
on effort per day (n = 316, CV = 0.45). Daily values of relative abundance were averaged per 
month. Days with ≤ 5 nmi of survey effort (n = 18) were excluded from further analysis 
because they were unlikely to provide a robust estimate of relative abundance. Likewise, 
only months that had at least 5 days of effort were included in the analysis. Relative 
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abundance could not be calculated for summers prior to 1994 (nor for summer 2008) because 
GPS effort data were not available.  
5.2.3. Summer estimates of sperm whale abundance 
Abundance estimates for each summer were calculated by Somerford (2018). Details of the 
methods are presented in Somerford (2018) and summarised in Guerra et al. (2018). Briefly, 
abundance estimates were based on capture-recapture analyses, using high-quality 
identification photos from each summer. Abundance estimates were calculated using 
Pollock’s ‘robust design’ capture-recapture models (Pollock 1982) constructed in program 
MARK (White & Burnham 1999). This methodology allows whales to be temporarily absent 
from the study area and is therefore well suited to populations open to migration (Peñaloza 
et al. 2014). The robust design combines open and closed population models, and is 
structured to have secondary sampling periods within primary sampling periods. The 
population is assumed to be closed within primary periods but open between primary periods. 
In Somerford (2018), primary periods were defined as summers, each of which contained 
two secondary periods of approximately equal length (± 1 days). Summers were included in 
the analysis if they consisted of at least 12 survey days over a period of 3-5 weeks. For 
consistency, summers included the months November-February. This resulted in 16 primary 
periods between 1990 and 2017. Individual sightings data were summarised in an encounter 
matrix of presences and absences for each secondary period. Somerford (2018) constructed a 
suite of models allowing for different combinations of constant or time-varying survival rate, 
capture probability and temporary emigration rate. Models were ranked according to AICC 
(Akaike 1973) and model-averaged abundance estimates were generated using the Akaike 
weights of the competing models (Burnham & Anderson 2002). 
I used summer abundance estimates and monthly averages of relative abundance to 
investigate whether climate variability correlated with changes in the extent to which sperm 
whales visited Kaikōura. Each of the two metrics offered different strengths. Abundance 
estimates account for varying rates in capture probabilities, apparent survival and 
temporary emigration rates (detailed in Somerford 2018), representing the total number of 
whales visiting the study area during a season. Changes in abundance can thus provide 
useful insights into population dynamics in relation to climate variability (Seyboth et al. 
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2016, Sprogis et al. 2017). Conversely, monthly estimates of relative abundance provide a 
measure of whale densities at a finer temporal scale. In addition, the relative abundance 
index indirectly incorporates information on how long individual whales remain in the 
study area. For example, a small number of whales which remain in the study area for an 
entire season may result in a greater mean relative abundance index than a larger number of 
individuals which each visit only briefly.  
5.2.4. Environmental data 
To characterise oceanographic conditions off Kaikōura from 1990 to 2017 I used data on sea 
surface chlorophyll-a concentration (SSC), sea surface temperature (SST), the relative 
influence of SAW intrusions through the Mernoo Saddle, ENSO and the SAM.  
Monthly means of SSC data were obtained from the European Space Agency Climate 
Change Initiative (ESA CCI), available from the Ocean Colour website at 
https://rsg.pml.ac.uk/thredds/ncss/grid/CCI ALL-v3.1-MONTHLY/dataset.html. I used data 
at 0.042° resolution (ca. 4.7 km) collected by SeaWiFS, MODIS-Aqua, MERIS and VIIRS 
satellite sensors (Sathyendranath et al. 2018). Since satellite-derived surface chlorophyll 
records did not become available until September 1997, the data set for SSC was limited to 
1997-2017. Monthly SSC anomalies (SSCA) for the area offshore of Kaikōura (Fig. 5.2) were 
calculated as the deviation of each month’s datapoint from the mean for that month between 
1997 and 2017. Anomalies were used instead of raw values to remove the influence of 
seasonality on the analysis (e.g., Lea et al. 2006, Bost et al. 2015). The inshore portion of the 
study area was not included for data extraction (Chiswell et al. 2017) as suspended sediments 
and organic matter in turbid coastal waters can influence radiance and bias SSC 
measurements (Gons 1999, Dall’Olmo et al. 2005).  
Daily SST data were obtained from NOAA National Centers for Environmental Information 
(NCEI). I used Reynolds’ optimally interpolated SST data at 0.25° resolution (ca. 20 km), v.2, 
collected by Advanced Very High Resolution Radiometers (AVHRR) on board NOAA 
satellites blended with ship and buoy data (Reynolds et al. 2007). Monthly means of SST 
anomalies (SSTA) for the area off Kaikōura (Fig. 5.2) were calculated as the deviation of each 
month’s datapoint from the mean for that month between 1990 and 2017. Data were available 
from https://coastwatch.pfeg.noaa.gov/erddap/griddap/ncdcOisst2Agg.html. 
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Daily SST data were used to estimate the relative influence of cool SAW on the waters of the 
Mernoo Saddle (Fig. 5.2), where the SAW wisp is typically located (Shaw & Vennell 2000). 
Shaw & Vennell used high-resolution (1.1 km) SST images over a period of three years to 
determine the daily presence or absence of the northward intrusion of cool SAW (the SAW 
wisp). They established that the SAW wisp could be identified based on the similarity of SST 
to SAW further south, and its difference in SST to STW further east. Following this principle, 
I used a simplified method to estimate the relative influence of each water mass at the 
Mernoo Saddle (similar to Mills et al. 2008), rather than the presence or absence of the SAW 
wisp. The SST at the mean position of the wisp (based on Shaw & Vennell 2000) was 
compared to the SST in two reference areas representative of SAW and STW (Fig. 5.2). 
Reynold’s optimally interpolated SST data were obtained from NOAA NCEI (Reynolds et 
al. 2007, detailed above). Daily mixing ratios of SAW versus STW (e.g., Chiswell & Sutton 
1998, Sutton 2003) were used to estimate the relative contribution of each water mass, and 
were calculated as: 
𝑀𝑅𝑀𝑆 =  
𝑆𝑆𝑇𝑀𝑆 −  𝑆𝑆𝑇𝑆𝑇𝑊
𝑆𝑆𝑇𝑆𝐴𝑊 −  𝑆𝑆𝑇𝑆𝑇𝑊
 
where MRMS = mixing ratio of water at the Mernoo Saddle, SSTMS = SST at the Mernoo Saddle, 
SSTSTW = reference SST for STW, and SSTSAW = reference SST for SAW. Due to the dynamic 
nature of the region, the reference areas may not be exclusively SAW or STW. The values of 
the MRMS were therefore considered as a relative rather than absolute representation of SAW 
vs STW content. MRMS values closer to 0 indicate a greater influence of STW, whereas values 
closer to 1 indicate a greater influence of SAW. Monthly averages of MRMS were calculated 
based on daily ratios. 
ENSO fluctuates between three phases: La Niña, Neutral and El Niño, each of which is 
associated with different patterns of winds and SST. The Southern Oscillation Index (SOI) 
measures the strength of ENSO phases (Trenberth 1997). Monthly SOI values (Ropelewski 
& Jones 1987) were obtained from the Climatic Research Unit (CRU), available at KNMI 
Climate Explorer (https://climexp.knmi.nl/start.cgi).  
The SAM index describes the north-south movement of the westerly wind belt that circles 
Antarctica (Gong & Wang 1999, Lovenduski & Gruber 2005). In a positive SAM event, the 
belt of strong westerly winds contracts towards Antarctica, with lighter winds over New 
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Zealand latitudes. In the negative phase, an expansion of the belt of westerly winds towards 
the equator results in enhanced winds over New Zealand (Renwick & Thompson 2006). 
Monthly SAM values were obtained from the Natural Environment Research Council 
(NERC) of the British Antarctic Survey (Marshall 2003), available at KNMI Climate Explorer 
(https://climexp.knmi.nl/start.cgi). 
5.2.5. Temporal lags in environmental variables 
While associations between climate indices and marine mammal reproduction have been 
identified at scales of several years (e.g., Leaper et al. 2006, Seyboth et al. 2016), the effects of 
climate on food webs are typically at shorter time scales (e.g., Ainley et al. 1995, Le Bohec et 
al. 2008). For this reason, and because of the limited sample size of whale abundance values, 
I constrained examination of lagged effects to a maximum of one year. 
Cross-correlation analyses, which require continuous data sequences, are often used to 
detect the best time scale for climate or oceanographic lags (e.g., Leaper et al. 2006, Seyboth 
et al. 2016). Due to the missing data caused by months or years when abundance estimates 
were unavailable, cross-correlation analyses were not well suited for this study. Instead, a 
suite of ecologically reasonable lags was considered for each environmental variable to 
investigate its potential correlation with the abundance of sperm whales (Table 5.1). To 
investigate the lagged response of monthly abundance indices (which included data from 
November, December and January), monthly estimates of temperature-related predictor 
variables from 0 to 12 months prior were calculated. For the analysis of summer abundance 
(typically spanning from November to January), 3-month averages of predictor variables 
were calculated at 3-month intervals, including lags from 0 (i.e., average value for 
November, December and January) to one year before (i.e., average value for November, 
December and January from the year before). In the case of SSCA, lags of only up to six 
months were considered, given the existing evidence concerning the link between primary 
productivity and sperm whales (Jaquet et al. 1996, Praca et al. 2009, Pirotta et al. 2011, Wong 
& Whitehead 2014). The correlation of SSCA and whale abundance was only examined in 
the analysis of the monthly abundance index; it was excluded from the analysis of summer 
abundance because: (1) the sample size of the response was further reduced by the lack of 
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SSCA data prior to 1997 (from n = 16 to n = 10), and (2) there was no evidence for correlation 
between SSCA and relative whale abundance at a monthly scale (see results).  
 
Table 5.1. Temporal scale of response and explanatory variables considered in the analysis. SSCA = 
sea surface chlorophyll-a anomaly, SSTA = sea surface temperature anomaly, MSMR = Mernoo Saddle 
mixing ratio, SOI = southern oscillation index, SAM = southern annular mode. 
 
Response variable 




Candidate time lags 
Average of daily 
abundance index 
Monthly 
(Nov, Dec, Jan) 
SSCA 0, 1, 2, 4, 6 mo 




(Nov to Feb) 
SSTA, MRMS, SOI, SAM 
0 mo (Nov-Jan), 3 mo (Aug-Oct), 
6 mo (May-Jul), 9 mo (Feb-Apr), 
12 mo (Nov-Jan 1 yr before) 
 
5.2.6. Statistical analysis 
Trend in monthly relative abundance. The long-term trend in monthly relative abundance 
index was investigated using a linear mixed model (LMM; McCulloch et al. 2008, Bolker et 
al. 2009) as a function of time. Each summer (e.g., summer 1998/99) was included as a 
random effect to account for temporal auto-correlation in the relative abundance index 
among months of the same season.  
Environment vs whales. Potential correlations between environmental variability and 
sperm whale abundance (for both monthly and summer estimates) were investigated using 
linear models within an information-theoretic approach (Burnham & Anderson 2002). While 
ecological relationships are often complex and non-linear, the detection of non-linear 
correlations requires relatively large data sets (Zuur et al. 2009). Given the nature of the 
response variable, the sample size of this study was small (< 30), making linear models a 
more suitable approach. The response variable of monthly abundance index was modelled 
with LMM, with the environmental covariates SSCA, SSTA, MRMS, SOI and SAM as fixed 
effects, and each summer as a random effect. The abundance index was based on a count 
(number of whales per day), but was turned into a rate after averaging per month and 
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standardising by survey effort. Abundance index was therefore a continuous variable 
(whales/distance), so models were fitted with a Gaussian distribution and identity link 
function. In the case of summer abundance, I used generalized linear models (GLM; 
McCullagh & Nelder 1989), with the environmental covariates SSCA, SSTA, MRMS, SOI and 
SAM as explanatory variables. Models were fitted with a Poisson distribution with a log link 
function. In both analyses, the response was weighted in proportion to the precision around 
each estimate, using the inverse variance (Barlow & Taylor 2005, Kutner et al. 2005, 
Somerford 2018).  
Selecting time lags. Including all the temporal scales for each environmental covariate 
would have made the analysis unnecessarily complex, even after excluding collinear 
variables. Therefore, an ad hoc procedure was performed to select the most appropriate 
temporal lags to use in a reduced full model (e.g., Pirotta et al. 2011, Wong & Whitehead 
2014). This was done independently for the analyses of monthly abundance indices and 
summer abundance estimates. First, a suite of models was created with all possible 
combinations of lagged variables, restricting models to one lag per variable (e.g., SSTA could 
only be included at 0, 1, 2, 4, 6 or 12-month lag, in addition to other environmental variables). 
This was done using the ‘dredge’ and ‘subset’ functions within the package ‘MuMIn’ in R 
(Bartoń 2016). Collinear variables were also restricted from being combined in the same 
model. Collinearity among explanatory variables was assessed with Spearman rank 
correlation tests, with values greater than ±0.5 indicating collinearity (Booth et al. 1994, Zuur 
et al. 2009). Models were ranked according to Akaike’s Information Criterion corrected for 
small sample sizes (AICc; Akaike 1973, Burnham & Anderson 2002). The relative importance 
index of each lagged variable was calculated by summing the Akaike weights (model 
probabilities) of all models that included the predictor variable (Burnham & Anderson 2002, 
Twist et al. 2016). Lastly, the variables with relative importance indices ≥ 15% were selected 
and included in a ‘reduced’ full model. The threshold of 15% was chosen based on a visual 
assessment of the distribution of importance indices (see Fig. 5.4); it could be adjusted if the 
analysis was found to be overly restrictive. 
Final models and coefficients. Once the variables in the ‘reduced’ full model had been 
selected, the response was modelled with a suite of linear models including all combinations 
of the chosen variables, and, in the case of monthly relative abundance, with the factor 
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‘summer’ as the random effect. Models were ranked according to AICC, with the best models 
indicated by the lowest AICC values (Burnham & Anderson 2002, Symonds & Moussali 
2011). Akaike weights were used to evaluate the support for the selected models. To estimate 
the magnitude and precision of the correlation between each environmental factor and the 
response I used two types of estimates: (1) the coefficients and 95% CI of the variables 
included in the best model, and (2) model-averaged coefficients (Burnham & Anderson 2002, 
Burnham et al. 2011). Model-averaging produces parameter and error estimates whereby 
each model contributes to a weighted mean in proportion to its model probability (Burnham 
& Anderson 2001, Burnham et al. 2011). This method is easily applied to linear models, and 
is particularly useful when there is uncertainty around which is the best model in the set 
(Nakagawa & Freckleton 2011, Symonds & Moussalli 2011). Models were included in model-
averaging if their ∆AICC value was <6 (Richards et al. 2011, Symonds & Moussalli 2011). The 
95% CI of model-averaged coefficients were calculated based on unconditional standard 
errors, which incorporate model selection uncertainty (Burnham & Anderson 2002). Models 
were created in R studio 1.1.4 (R development Core Team 2012), using the packages ‘lme4’ 
(Bates et al. 2016) and ‘MuMIn’ (Bartoń 2016).  
Model evaluation. The goodness-of-fit of the best models was assessed by calculating R2 
values, which describe the amount of variance explained. In the case of LMM, two values 
were produced for each model: marginal R2 (variance explained by fixed effects only) and 
conditional R2 (variance explained by fixed and random effects (Orelien & Edwards 2018). 
R2 values were calculated using the ‘sem.model.fits’ function within the package 
‘piecewiseSEM’ in R (Lefcheck 2015). Diagnostic plots (Appendix 3, Fig. A3.1) were used to 
verify the assumptions of normality (via histograms of residual distributions and normal Q-
Q plots) and homogeneity of variance (via plots of residuals vs fitted values). Temporal 
autocorrelation in the full and best models of each analysis was examined using the ‘acf’ 
function in R, and was not a concern (Appendix 3, Fig. A3.2). 
Additional considerations. (1) Due to the restricted sample size in this study, two measures 
were taken to prevent model overfitting and to simplify interpretation of results: (a) no 
interaction terms were included, (b) models were limited to a maximum of three predictors, 
as having a low ratio of predictors to observations (e.g., lower than 1:5) can cause spurious 
results (Zuur et al. 2009). (2) For the selection of variables in the analysis of monthly relative 
Chapter 5 – Time-series analysis  133 
 
abundance, the data set was first limited to months when SSCA data were available (n = 21). 
Because there was no strong evidence to select SSCA as an important predictor of whale 
abundance (see results), the rest of the analysis was carried out using the full data set (n = 
30). (3) Standardizing input variables is sometimes recommended so that model coefficients 
are on a common scale (Gelman 2008, Grueber et al. 2011). The required data-transformation, 
however, can distort coefficients, especially if the input variables do not fit an ideal Gaussian 
distribution (Baguley 2008, Grace et al. 2018). For simplicity, and given the small sample size 
of the study, I did not use standardization methods. Model coefficients were therefore not 
used to establish the relative effect size of environmental variables on sperm whale 
abundance.  
5.2.7. Long-term trend in modelled outputs of summer abundance 
To visualise the trend in summer abundance of sperm whales predicted by the best model, 
model predictions were produced for every summer from 1990 to 2017, based on the 
environmental conditions of each year. The long-term trend was investigated using a 
weighted linear regression. Pre-requisites of normality were checked using a Shapiro-Wilk 
test (Shapiro & Wilk 1965). Modelled estimates were weighted according to the precision of 
each estimate, using the inverse of the standard error, as this was the measure of uncertainty 
produced by the prediction function. Lastly, I examined the long-term trend in the 
environmental variables that were selected as important predictors of summer abundance. 
This was done to better understand the potential changes in ocean conditions concurrent 
with the decline in the number of whales at Kaikōura.  
 
5.3. Results 
5.3.1. Abundance of sperm whales at Kaikōura 
After data filtering there were 30 values of monthly relative abundance of sperm whales 
during summer from 1994 to 2017. The analysis used 933 sightings of unique 
individuals/day, recorded over 276 days in a total of 14 summers, covering 690 nmi (1278 
km) of effort. Monthly averages of daily relative abundance ranged from 1.2 to 7.7 whales/25 
nmi (Fig. 5.3a; Appendix 3, Table A3.1). The long-term trend in monthly relative abundance 
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index indicated a significant decline (-1.26/decade, R2 = 0.40, p < 0.001). Robust design 
analysis resulted in 16 summer abundance estimates from 1990 to 2017, based on 846 photo-
ID encounters recorded over 245 days (Somerford 2018). Abundance estimates ranged from 
5 to 43 whales per summer (Fig. 5.3b), with a long-term trend of significant decline (-





Figure 5.3. Temporal variability in abundance of sperm whales off Kaikōura, 1990-2017. (a) Monthly 
averages of daily relative abundance, with 95% CI error bars; (b) ‘capture-recapture’ estimates of 
summer abundance, with log-normal 95% CI error bars (from Somerford 2018). The upper limit of the 
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5.3.2. Correlation of environmental variables with monthly abundance index 
Among lagged environmental variables, MRMS was significantly correlated with SSTA 
(Spearman r = -0.59, p < 0.001) and SSCA (Spearman r = -0.57, p = 0.004) at the same time lag. 
These variables were therefore prevented from being combined in the same model for the 
calculation of relative importance indices. All climatic and oceanographic variables had 
indices of < 50%, indicating that none of them had exceptionally high support (Fig 5.4). 
However, in the cases of MRMS, SAM and SOI, correlations with monthly abundance index 
of sperm whales were stronger at certain time lags. For SSTA, there was some uncertainty 
around which time lag was the better predictor of monthly abundance index. SSCA had 
relatively low importance scores at all the examined time lags and was excluded from further 
analysis. Overall, the variables with highest relative importance scores included: MRMS at no 
lag, SAM at no lag, SOI at a 4-month lag, and SSTA at three time-scales: no lag, 4 and 12 
months. Since MRMS at no lag (MRMS_0) was correlated with SSTA at no lag (SSTA_0) and 
MRMS was the covariate with greater support, SSTA_0 was excluded from the full model in 
further analysis. The other five variables (MRMS_0, SAM_0, SOI_4, SSTA_4 and SSTA_12) 
were included in the reduced full model and further investigated. 
 
Figure 5.4. Relative importance indices of environmental variables at different time lags, derived from 
models predicting the monthly abundance index of sperm whales off Kaikōura. MR.MS = Mixing 
Ratio at the Mernoo Saddle, SAM = Southern Annular Mode, SOI = Southern Oscillation Index, SSTA 
= sea surface temperature anomaly, SSCA = sea surface chlorophyll anomaly. The lag of each variable 
(in months) is indicated by the number at the end of each name. The dashed red line indicates a 
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The next step in the analysis was to investigate potential correlations between the selected 
environmental variables and the relative abundance index of sperm whales at a monthly 
scale. There was consistent support for models that featured the mixing ratio at the Mernoo 
Saddle (at no time lag) as an explanatory variable (Table 5.2), with this variable achieving 
the highest index of relative importance (Table 5.3). There was some uncertainty around 
which was the best model in the candidate set (i.e., which variables other than MRMS were 
important), with the highest-ranking model scoring an Akaike weight of 35%. The best 
model also included the variables SSTA at a 12-month lag and SAM at no lag, and explained 
27% of variance in the response. The correlation coefficients from the best model and from 
the model-averaged analysis indicated that whales were more abundant at Kaikōura during 
months when the MRMS had a higher contribution of SAW (i.e., was more positive) (Fig. 5.5a, 
b; Table 5.3). There was some evidence for a positive correlation between relative abundance 
and SAM, and for a negative correlation with lagged SSTA, with fewer whales when the 
previous summer had warm sea temperature anomalies (Fig. 5.5a). While the inclusion of 
both these factors improved the variance explained by the models, there was no statistical 
confidence that their effect was different from 0 when model-selection uncertainty was 
considered (Table 5.3; Fig. 5.5b). Lastly, there was very little support for a correlation 
between relative abundance of whales at Kaikōura and either SOI or SSTA at a lag of 4 
months (Fig. 5.5a, b). 
The low support for some of the factors included in the analysis provided assurance that a 
cut-off of 15% weight to select which lagged variables were included in the analysis was not 
overly strict (Fig. 5.4), and that no important predictors were being left out. The inclusion of 
‘summer’ as a random effect improved the variance explained in all models, indicating some 
temporal dependency among monthly abundance indices during the same season. The 
inclusion of the random effect accounted sufficiently for this dependency, as indicated by 
the lack of significant temporal autocorrelation in the model (Appendix 3, Fig. A3.2). Overall, 
and taking a conservative approach to suit the available sample size, the only relationship 
that was consistently supported by the models was a positive correlation between relative 
abundance of sperm whales and MRMS at no time lag.  
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Table 5.2. Ranking of LMMs used to explain the monthly relative abundance of sperm whales off 
Kaikōura from 1994 to 2017. Metrics of model performance are shown for models with ∆AICC <6. AI 
= relative abundance index (# whales/25 nmi); (1|summer) = random effect included in all LMMs; df 
= degrees of freedom; ∆AICC = difference in AICC score relative to best model; wi = Akaike weight 
(model probability); Mar. R2 = marginal R2 (variance explained by fixed effects only); Con. R2 = 
conditional R2 (variance explained by fixed and random effects). The number at the end of each 
variable represents the time lag (in months) for the correlation with the response.  
Rank Model  df ∆AICC wi Mar. R2 Con. R2 
1 AI ~ MRMS_0 + SSTA_12 + SAM_0 + (1|summer) 6 0.00 0.35 0.27 0.32 
2 AI ~ MRMS_0 + SSTA_4  + (1|summer) 5 2.21 0.12 0.11 0.20 
3 AI ~ MRMS_0 + SSTA_12 + (1|summer) 5 2.52 0.10 0.13 0.27 
4 AI ~ MRMS_0 + SSTA_12                + SOI_4 + (1|summer) 6 2.78 0.09 0.21 0.36 
5 AI ~ MRMS_0 + SSTA_4                  + SOI_4 + (1|summer) 6 3.76 0.05 0.16 0.29 
6 AI ~ MRMS_0 + (1|summer) 4 3.83 0.05 0.05 0.24 
7 AI ~ MRMS_0                                    + SOI_4 + (1|summer) 5 3.99 0.04 0.13 0.37 
8 AI ~ MRMS_0 + SSTA_4 + SAM_0 + (1|summer) 6 4.18 0.04 0.15 0.22 
9 AI ~ MRMS_0                   + SAM_0 + SOI_4 + (1|summer) 6 4.58 0.03 0.19 0.42 
10 AI ~ MRMS_0                   + SAM_0 + (1|summer) 5 4.63 0.03 0.10 0.28 




Figure 5.5. Correlation coefficients of environmental variables used as predictors of monthly relative 
abundance of sperm whales. Coefficients are from the best model in the set (a) and from model-
averaged estimates (b). Error bars are 95% CI. The symbol ‘*’ indicates effects that are significantly 
different from 0. Note that environmental variables have different ranges, therefore comparisons of 
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Table 5.3. Parameter estimates from LMMs used to model the relationship between monthly relative 
abundance of sperm whales at Kaikōura and environmental variables. Estimate = correlation 
coefficient; SE = standard error; na = not applicable (variable not present in the best model). 
 Best-model parameters Model-averaged parameters Relative 
importance 
index 
Variable Estimate SE p-value Estimate SE p-value 
MRMS_0 5.92 1.91 0.003 4.91 2.35 0.04 0.91 
SAM_0 0.36 0.11 0.003 0.17 0.19 0.39 0.48 
SSTA_12 -1.16 0.36 0.002 -0.63 0.61 0.31 0.58 
SSTA_4 na na na -0.25 0.53 0.62 0.23 
SOI_4 na na na -0.12 0.25 0.64 0.26 
 
5.3.3. Correlation of environmental variables with summertime whale abundance 
No collinearity was found among environmental variables in the analysis of summer whale 
abundance. Relative importance indices showed very clear support for some of the lagged 
variables (Fig. 5.6), with particularly high indices for MRMS at one-year lag (MRMS_12), and 
for SSTA during the previous winter (6-month lag, or May-July; SSTA_6). There was no 
support for the inclusion of climatic indices (SOI or SAM) at any of the time lags considered. 
Variables with higher relative importance (index > 15%) included: MRMS_12, SSTA_6 and 
SSTA_12. These three variables were included in the reduced full model and further 
investigated. 
 
Figure 5.6. Relative importance indices of environmental variables at different time lags, derived from 
models predicting the summer abundance of sperm whales off Kaikōura. The lag of each variable (at 
3-month periods) is indicated by the number at the end of each name (see Table 5.1 for definitions of 
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There was clear support for a correlation between whale abundance and MRMS in the 
previous summer (i.e., 12-month lag) and SSTA at a time lag of 6 months (Table 5.4). These 
two variables featured in the best model, which had a weight of 94% and explained 59% of 
the variance in the response. Both variables explained a similar amount of variance (30 – 
35%) and had similar importance indices (0.94 – 1.00). The correlation coefficients from the 
best model and the model-averaged estimates indicated that summer abundance of whales 
at Kaikōura was lower when: (1) the MRMS in the previous summer had had a lower 
contribution of SAW (Fig. 5.7a, b; Table 5.5), and (2) there had been warmer temperatures 6 
months before (i.e., May-July). There was very little support for inclusion of SSTA at one-
year lag: the model that included this variable had 15 times less weight than the best model 
(Table 5.4), and the model-averaged coefficient for SSTA_12 was very small (-0.04) and of no 
statistical significance (p-value = 0.81; Table 5.5). Overall, there was evidence to suggest a 
positive correlation with the SAW wisp in the previous summer, and a negative correlation 
with SSTA during the previous winter. The goodness of fit of models explaining summer 
abundance (Table 5.4) was at least twice as high as the models describing relative abundance 
index at a monthly scale (Table 5.2). 
 
 
Table 5.4. Ranking of GLMs used to explain the summer abundance of sperm whales off Kaikōura 
from 1990 to 2017. Metrics of model performance are shown for all models in the candidate set. 
Abundance = abundance (# whales) estimated with capture-recapture robust design analysis; df = 
degrees of freedom; ∆AICC = difference in AICC score relative to the best model; wi = Akaike weight 
(i.e., model probability); R2 = explained variance. The number at the end of each variable represents 
the time lag (at 3-month periods) for the correlation with the response (see Table 5.1 for definitions of 
lags).  
 
Rank Model df ∆AICC wi R2 
1 Abundance ~ MRMS_12 + SSTA_6 3 0.00 0.94 0.59 
2 Abundance ~ MRMS_12 + SSTA_12 3 5.58 0.06 0.56 
3 Abundance ~ SSTA_12 2 30.04 0.00 0.41 
4 Abundance ~ MRMS_12 2 41.12 0.00 0.35 
5 Abundance ~ SSTA_6 2 50.64 0.00 0.30 
6 null model 1 103.76 0.00 0.00 
 




Fig. 5.7. Correlation coefficients of environmental variables used as predictors of summer abundance 
of sperm whales at Kaikōura. Coefficients are from the best model in the set (a) and from model-
averaged estimates (b). Error bars are 95% CI. The symbol ‘*’ indicates effects significantly different 
from 0. Note that environmental variables have different ranges, therefore comparisons of effect size 




Table 5.5. Parameter estimates from GLMs used to model the relationship between summer 
abundance of sperm whales and environmental variables. Estimate = correlation coefficient; SE = 
standard error; na = not applicable (variable not present in the best model). 
 
 Best-model parameters Model-averaged parameters Relative 
importance 
index 
Variable Estimate SE p-value Estimate SE p-value 
MRMS_12 3.99 0.57 < 0.001 3.94 0.60 < 0.001 1.00 
SSTA_6 -0.58 0.09 < 0.001 -0.54 0.16 0.001 0.94 
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5.3.4. Long-term trend in modelled abundance and environmental variables 
Model predictions of sperm whale abundance were produced for every summer from 1990 
to 2017 (n = 28), based on the highest-ranking model according to AICC (‘GLM-1’; Abundance 
~ MRMS_12 + SSTA_6) and on the environmental conditions for each year (Fig. 5.8a). The 
weighted linear regression showed a significant decline in the modelled number of whales 
present at Kaikōura (-0.28/year, F = 5.10, p = 0.03), however there were relatively large 
deviations from the abundance estimates derived from capture-recapture analyses 
(Somerford 2018). The decline from the environmental model (-0.28/year) was smaller than 
the decline estimated with the robust design analysis (-0.74/year, F = 16.23, p <0.001; 
Somerford 2018). Therefore, while the model was the best one from the available candidate 
set and accounted for 59% of the inter-annual variability in whale abundance, there was a 




Figure 5.8. Summertime abundance of sperm whales at Kaikōura 1990-2017. Actual abundance 
estimates based on photo-ID capture-recapture methods and robust design modelling are shown in 
black (from Somerford 2018), while predicted abundance based on GLM-1 and environmental 
conditions are shown in green. Dashed lines represent weighted linear regressions. The time-series of 
model predictions (green) is slightly shifted to the right for visual clarity, so that data points and error 
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The long-term trend for the two environmental variables that were correlated with summer 
abundance of sperm whales was examined with linear regression (Fig. 5.9a, b). Linear 
regressions indicated a significant increase in SSTA in May-July (+0.20°C/decade, R2 = 0.16, 
p = 0.03), and a negative but not significant trend in MRMS in November-January (-




Figure 5.9. Time-series data for the duration of the study (1990-2017) for: (a) SSTA off Kaikōura in 
May-July (at a 6-month lag before summer), and (b) the Mixing Ratio at the Mernoo Saddle (MRMS) 
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5.4. Discussion 
This study was the first to examine long-term correlations between climate variability and 
abundance of sperm whales. While the analysis was based on a limited sample size, it 
spanned a period of almost three decades, and captured a wide range of oceanographic 
conditions and whale abundance. The results provided new insights into the environmental 
factors potentially driving variability in the number of whales foraging at Kaikōura in 
summer, and on the possible causes contributing to the long-term decline. Linear models 
indicated that two environmental variables were particularly correlated with whale 
abundance: the relative influence of SAW in waters over the Mernoo Saddle south of 
Kaikōura, and local sea surface temperatures. Given the wide range in ocean conditions that 
sperm whales are exposed to during their migratory movements (Whitehead et al. 2008), 
direct effects on the whales seem unlikely. Environmental variability is more likely to 
influence sperm whales via effects on their prey. 
5.4.1. Oceanographic fluctuations and relative abundance of whales at a monthly scale 
The relative abundance of whales using the Kaikōura area during summer months (Nov, 
Dec, Jan) declined significantly over the duration of the study. This is consistent with the 
long-term decline in summer abundance (Somerford 2018), suggesting that, not only are 
fewer whales visiting Kaikōura during summer, but they occur at lower densities. 
Relative abundance of whales during summer was higher, to some extent, in months with a 
greater proportion of SAW in the Mernoo Saddle, presumably reflecting a stronger influence 
of the SAW wisp (Shaw & Vennell 2000). This effect was not lagged, suggesting a link with 
concurrent conditions in spite of the distance from the Kaikōura Canyon (c. 100 km). 
Ecological succession from enhanced productivity is therefore unlikely to explain this 
correlation, as a lag longer than one month is typically required for changes in primary 
production to be reflected in prey abundance (Jaquet 1996, Croll et al. 2005), and SSCA was 
not an important predictor. On the other hand, prey-aggregating phenomena, such as 
thermoclines (Pelletier et al. 2012), mesoscale eddies (Sabarros et al. 2009) or oceanic fronts 
(Bost et al. 2009), are more likely to mediate this link, as they act much more quickly.  
Off Kaikōura, thermal stratification of the water column increases habitat suitability for 
sperm whales during summer (Chapter 4). A higher influx of SAW into the Kaikōura region 
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is anticipated to result in cooler surface water, reducing thermal stratification. Thus, any 
influence of the SAW wisp on whale abundance is unlikely to be mediated via a control on 
stratification. An increase in the extension of the SAW wisp into STW may result in more 
numerous or persistent oceanic fronts between the two water masses in the Kaikōura region. 
Oceanic fronts are thermal boundaries that can act as convergence zones of nutrients and 
plankton (Sabarros et al. 2009, Woodson & Litvin 2015), increasing the aggregation of mid-
trophic consumers and creating foraging hotspots for marine predators (Scales et al. 2014, 
Miller et al. 2015). The region between Kaikōura and the Mernoo Saddle has a complex 
configuration of mesoscale eddies (Heath 1975, Vincent et al. 1991, Gibbs & Shaw 2002, Shaw 
& Vennell 2000). It is possible that strength of the SAW wisp affects the vorticity or location 
of eddies (Larivière 2001), potentially intensifying eddy-associated convergence zones. The 
presence of SAW at the Mernoo Saddle may also reflect stronger northward advection (Shaw 
& Vennell 2000), which could lead to current-assisted movement of nekton (e.g., Pierce & 
Boyle 2003). These processes may facilitate aggregation of food for sperm whale prey, or 
aggregate prey directly, increasing the occurrence of whales. The results are consistent with 
Mills et al. (2008), who found that the abundance of krill at Kaikōura in late spring was 
correlated with the influence of SAW at the Mernoo Saddle. 
Higher ratios of SAW vs STW at the Mernoo Saddle were correlated with colder SST at 
Kaikōura in summer. Extensions of cold SAW may therefore influence the spatial 
distribution of sperm whale prey through temperature-mediated effects. The spatial 
distributions of squid and fish can shift due to increasing temperatures (Perry et al. 2005, 
Dulvy et al. 2008, Rodhouse 2013). For example, warty squid (Onykia ingens) is likely to be a 
major prey for sperm whales in summer (Gaskin & Cawthorn 1967) and tends to be more 
abundant in colder water masses (Jackson et al. 2000). Its abundance at Kaikōura may be 
increased by cooler temperatures in months with higher influx of SAW. Alternatively, the 
association between the SAW wisp and whale abundance may be driven by other large-scale 
processes to which both variables respond. Clearly, the biological mechanisms linking water 
mass dynamics at the Mernoo Saddle and the abundance of whales in the canyon are 
complex.  
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5.4.2. Inter-annual variability in summertime whale abundance 
The number of sperm whales using the study area in summer was higher when the 
proportion of SAW at the Mernoo Saddle had been relatively high the previous summer, and 
when sea surface temperatures had been colder during the previous winter. Unlike the 
analysis of monthly relative abundance, the analysis of summertime abundance indicated a 
lagged relationship between the proportion of SAW and the numbers of sperm whales. This 
result suggests ecological succession between physical variables and prey availability. The 
difference in lag times between the two analyses may have resulted from examining 
relationships at different scales. Monthly estimates of relative abundance of whales could 
reflect links with more immediate changes in the marine environment, while variability in 
summertime abundance may signal mechanisms operating at longer time scales. The 
association between the SAW wisp at the Mernoo Saddle and whale abundance at Kaikōura 
highlights the connectivity between circulation processes and top predators at large spatio-
temporal scales. 
While the effect of environmental variability on sperm whale abundance during summer 
may act through any component of their food web, it is most likely to be mediated by squid. 
Squid are typically short-lived and fast-growing (Anderson & Rodhouse 2001, Pierce & Boyle 
2003), take advantage of intermittent food resources (Jackson et al. 2005), and respond 
particularly strongly to environmental variability (Dawe et al. 2000, Rodhouse 2001). For 
example, changes in sea temperature can influence their growth, recruitment, migratory 
movements and abundance (McMahon & Summers 1971, Collins et al. 1997, Waluda et al. 
1999, Sims et al. 2001, Pecl & Jackson 2008). Deep-water demersal fish, in contrast, have 
slower growth and longer life spans, and are comparatively more resilient to changes in 
environmental conditions (Leaman & Beamish 1984, King & McFarlane 2003). Additionally, 
squid are prey that are likely to be particularly important for sperm whales during summer 
(Gaskin & Cawthorn 1967, Chapter 3).  
To consider how lagged oceanographic variables may influence sperm whales, it is useful to 
consider the life cycles of squid. Warty and arrow squid are annual species, with spawning 
peaks during winter (Jackson 1997, Cherel & Weimerskirch 1999, Jackson 2001, Jackson et al. 
2005, McKinnon 2007). Given this annual cycle, variations in the hydrology of the Mernoo 
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Saddle could influence abundance or availability of squid the following year at Kaikōura. 
For example, favourable foraging conditions may lead to increased recruitment later on. 
Additionally, higher influx of SAW may promote the occurrence of convergence zones that 
concentrate nutrients and food resources (as explained in section 5.4.1), or enhance current-
assisted transport for passive organisms. These processes may enhance the availability of 
prey for squid in the region.  
There are at least two possible mechanisms to explain the correlation between warmer 
temperatures in winter with lower abundance of whales the following summer. Firstly, the 
relationship could be driven by direct effects of temperature on squid recruitment, given the 
similarity between the time of the correlation lag (winter) and the peak time for hatching of 
warty and arrow squid (Jackson 1997, McKinnon 2007). Warm temperature anomalies at the 
time of hatching can reduce squid recruitment (Waluda et al. 1999, Chen et al. 2007), and 
reduce the size of hatchlings (Villanueva 2000, Vidal et al. 2002, Steer et al. 2003). Favourable 
oceanographic conditions during winter spawning can strongly increase the abundance of 
adult squid (Dawe et al. 2000). If recruitment of squid was reduced during winter, a lower 
abundance of squid during summer would probably decrease the availability of prey for 
sperm whales, potentially resulting in fewer individuals foraging in the canyon area. 
Secondly, warm temperature anomalies might be a proxy for other oceanographic conditions 
to which the food web is responding, such as stratification or thermocline depth (Soto et al. 
2006, Bost et al. 2015). Warmer surface temperatures during winter could reflect stronger 
stratification in the water column, which may reduce nutrient supply to the photic zone 
(Segar 2007). This, in turn, can limit plankton growth and reduce food resources available to 
higher trophic levels (Scott et al. 2006, Carroll et al. 2015). Previous studies have reported the 
impact of warm temperatures on pelagic top predators through changes in food availability, 
such as reduced biomass of krill and fish, and changes in species composition of fish 
assemblages (Forcada et al. 2005, Lea et al. 2006).  
5.4.3. Long-term trends in environmental variability 
Summertime and monthly analyses of sperm whale abundance provided consistent support 
for the importance of the SAW wisp during summer, regardless of the lag (0 vs 12 months). 
Although the negative long-term trend in MRMS during summer was not statistically 
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significant, the measure of MRMS used in this study was unlikely to capture the full variability 
of the SAW wisp. Significant long-term trends in its strength or structure should not be 
discarded based on these results.  
The inverse correlation between winter temperatures and whale abundance is a cause for 
concern, given the increase in winter temperatures at Kaikōura over the last three decades 
(Schiel et al. 2016; this study), and the global projections for further warming over the next 
century (IPCC 2014). A causal relationship between SST and the whales’ food web cannot be 
established without further investigation, however this study identifies sea temperature 
anomalies as a potential driver of the long-term decline in the abundance of sperm whales 
at Kaikōura.  
The best model from the summertime analysis indicated a long-term decline in whale 
abundance, with a total explained variance of 59%. The modelled decline, however, was 
much less pronounced than the observed trend (Somerford 2018). While variability in sea 
temperature and SAW wisp dynamics may influence whale abundance from year to year, 
they do not completely explain the long-term decline. This implies that additional factors 
contribute to the observed trend. These factors could include other environmental features, 
fishing pressure, tourism, noise, ship strike, pollution, entanglement with fishing gear, or 
complex ecosystem interactions. 
5.4.4. Caveats and limitations 
Most studies on the variability of population size in relation to oceanographic conditions 
share one important limitation: a small sample size in spite of extended periods of survey 
effort (e.g., Seyboth et al. 2016, Sprogis et al. 2017). This limits the power to detect meaningful 
relationships between abundance and climate, and increases the risk of finding significant 
but spurious correlations due to concurrent trends (Zuur et al. 2009). It is therefore important 
to be cautious when interpreting the ecological significance of modelled relationships. In the 
present study, a conservative approach was applied through the use of multi-model 
inference and model-averaged estimates. The detected correlations identify potential 
ecological relationships, which can be further investigated to better understand the 
underlying mechanisms. Nevertheless, the population at Kaikōura is the subject of one of 
the two longest-running studies of sperm whales in the world, with the other one based at 
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the Galápagos (Whitehead et al. 1997, Cantor et al. 2017). Even if the sample size is ‘small’, it 
provides the best available opportunity to examine long-term ecological relationships. 
Applying other analytical methods, such as a Bayesian Hierarchical analysis framework 
(King et al. 2009; e.g., Moore & Barlow 2013, Schick et al. 2013), could improve power and 
would be worth investigating. 
A caveat particular to this study was the simplified method to characterise the SAW wisp at 
the Mernoo Saddle. Mixing ratios were useful as a first approach to examine trends in the 
relative contribution of SAW, however it had limitations. Firstly, large movements of the 
wisp could not be accounted for, due to the fixed position of the SST ‘box’ used to calculate 
the mixing ratio. This may have caused the ratio to underestimate the presence of the wisp 
at certain times. Future studies should consider more flexible methods to allow for wisp 
movements, such as front-detection algorithms within a larger area (e.g., Ullman & Cornillon 
1999, Belkin & O’Reilly 2009). Secondly, the detection of the wisp based on SST could not 
capture dynamics in surface currents. This component of the wisp is of particular biological 
interest, therefore future studies might benefit from investigating variations in flow strength 
with current-detection methods (Bonjean & Lagerloef 2002). 
Based on this study, there was no evidence for a correlation between phytoplankton 
productivity and sperm whale abundance at any lag. However, this may have been due to 
low statistical power due to a reduced time-series. In addition, the sea surface values used 
could not account for variability in sub-surface peaks in chlorophyll-a concentration, which 
could be more relevant for deep-diving predators (Hazen & Johnston 2010, Scott et al. 2010, 
Saijo et al. 2017, Chapter 4 of this thesis). Lastly, chlorophyll-a concentration may not have 
fully captured temporal variability in phytoplankton production; other proxies such as net 
primary productivity may be more informative (e.g., Barlow et al. 2008b, Leduc et al. 2014), 
but are analytically complex (Behrenfeld & Falkowski 1997).  
Finally, the modelling exercise presented here did not account for other external variables 
that influence sperm whale abundance. For example, the Kaikōura earthquake (November 
2016) may have contributed to the particularly low abundance of summer 2016/17 (Guerra 
et al. 2018). In addition, because sperm whales range so widely, they are undoubtedly 
influenced by environmental conditions in regions other than Kaikōura. While it was not 
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possible to incorporate these aspects in the analysis, they may account for part of the 
unexplained variance in the models. 
5.4.5. Knowledge gaps and future research 
The key constraints to understanding the biological mechanisms behind the observed 
relationships are a lack of knowledge on: (1) prey response to the environment, and (2) 
hydrology in the Kaikōura Canyon and wider Kaikōura/Mernoo Saddle region. For example, 
very little is known about the habitat preferences of warty and arrow squid, their seasonal 
movements, or how they respond to environmental variability. Warty squid are an 
important species for sperm whales and a key mid-trophic level species in New Zealand and 
the Southern Ocean (Jackson et al. 1998, 2000, Phillips et al. 2001, Rodhouse 2013). Better 
knowledge of their ecology is needed to understand trophic links in the Kaikōura Canyon 
and how squid and their predators might respond to a changing climate. As for the 
oceanographic regime off Kaikōura, multi-scale inter-disciplinary studies (e.g., Allen et al. 
2001, Bosley et al. 2004) are needed to better understand circulation patterns in the canyon 
and connectivity with the hydrology in the wider region.  
Long-term monitoring studies are crucial for assessing drivers of population change. Given 
the ongoing decline in the number of sperm whales foraging at Kaikōura, it is crucial to 
continue population monitoring. One way to advance our understanding of how sperm 
whales respond to inter-annual variability in ocean conditions is to examine long-term 
correlations with foraging patterns. For this purpose, acoustic recordings and sighting 
locations available for 1990-2017 (MMRG) could be used to quantify temporal variability in 
echolocation behaviour and spatial distribution (e.g., Pirotta et al. 2014, Brough et al. 2018). 
5.4.6. Conclusions 
The long-term variability in summer abundance of sperm whales at Kaikōura is partially 
correlated with fluctuations in ocean conditions. Lower proportions of SAW crossing the 
Mernoo Saddle in summer and higher sea surface temperatures at Kaikōura in winter were 
associated with fewer whales foraging in the area. Although no causation was established 
from this exploratory analysis, the observed correlations are probably mediated through 
indirect effects on prey availability. The majority of proposed mechanisms involve processes 
that aggregate prey, and delayed effects of temperature on squid. The long-term increase of 
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sea temperatures was identified as a potential factor contributing to the decline in sperm 
whales in the region, possibly through changes in the food web. This study identified 
associations between environmental conditions and sperm whales at time lags of 0 to 12 
months, suggesting the importance of both contemporary processes and ecological 
succession in facilitating prey aggregations (Soldevilla et al. 2011). The results also highlight 
the value of accounting for time lags when modelling the occurrence of top predators. This 
research serves as an impetus to address important knowledge gaps in the hydrology of 
Kaikōura and the ecology of sperm whale prey. A better knowledge of ecosystem structure 
and food web interactions will help to better understand and predict how sperm whales 
respond to climatic variability. The Kaikōura Canyon is a unique ecosystem with huge 
biodiversity value; it is imperative to understand its susceptibility to climate change in order 
















Synthesis and conclusions.  
 
 
The main motivation for this thesis was the unexplained decline in the number of sperm 
whales feeding in the Kaikōura Canyon over the last three decades. I sought to better 
understand the foraging ecology of the population in order to identify potential causes of 
the decline – a first step in the development of mitigation measures. The research provided 
new insights into the whales’ food and habitat requirements, and how these vary between 
summer and winter. This information was used to investigate how changes in the whales’ 
environment may have led to a decreased use of the Kaikōura feeding ground over time. In 
a wider context, this research contributes to our understanding of the ecological 
relationships between submarine canyons and top predators. 
6.1. Summary of findings 
In Chapters 2 and 3 I investigated the sperm whales’ food web using stable isotope analyses. 
Stable isotope ratios in sloughed skin varied among individuals according to their sighting 
rates, probably reflecting the extent to which they used Kaikōura for foraging. Occasional 
visitors had lower and more diverse isotope ratios than frequent visitors, likely reflecting a 
range of food webs from areas beyond the canyon. I used stable isotope signatures of whales 
with higher sighting frequencies (i.e., those more likely to reflect a Kaikōura-based diet) to 
investigate the primary organic sources sustaining their food web. While the precise 
contributions of pelagic productivity vs coastal macroalgae could not be determined, there 
was strong support for a food web sustained mostly by pelagic production, with a possible 
input from microbially-recycled material in addition to phytoplankton. Differences in the 
whales’ isotope ratios between summer and winter suggested variability in diet. In contrast 
to the cephalopod-based diet recorded in most populations, the diet at Kaikōura appeared 
to be a mixture of demersal fish in addition to squid. This may reflect the extremely high 
benthic productivity of the canyon (De Leo et al. 2010, Leduc et al. 2014).  
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In Chapter 4, I investigated what characteristics make good foraging habitat. Species 
distribution models were used to identify topographic and oceanographic features that were 
correlated with the whales’ habitat use at a small spatial scale. Physical factors that contribute 
to aggregating prey (such as steep slopes, slope-current interactions and strong thermal 
stratification) were particularly important. Habitat preferences differed between summer 
and winter, and were consistent with temporal patterns in foraging behaviour (Jaquet et al. 
2000) and stable isotope ratios (Chapters 2 and 3). In Chapter 5, the long-term variability in 
abundance of sperm whales in relation to oceanographic conditions was assessed for the first 
time. While further study is needed to identify causative ecological relationships, the results 
suggested that whale abundance in summer is correlated with winter sea temperatures and 
influx of Subantarctic water through the Mernoo Saddle during summer. I hypothesised 
mechanisms to explain these correlations, mostly through indirect effects on prey. The long-
term increase in winter temperatures at Kaikōura was identified as a possible factor 
contributing to the decline. 
6.2. Ecological implications  
6.2.1. Sperm whales have seasonal patterns in habitat use  
Based on differences in distribution and diving behaviour between summer and winter, 
Jaquet et al. (2000) hypothesised that sperm whales off Kaikōura change their feeding habits 
in response to fluctuations in prey availability. My research supports that hypothesis and 
provides insights into what the ecological drivers might be. The seasonal changes in isotope 
ratios and habitat preferences were consistent with an increase in the contribution of squid 
to their diet in summer, and an increase in demersal fish in winter. While adaptability in 
habitat use increases resilience to changes in food availability (Whitehead et al. 2008), it may 
also be reflecting variations in food web stability. Whale abundance in summer is highly 
variable from year to year (Somerford 2018), suggesting that prey targeted in this season may 
not be a very stable resource. Squid, due to their fast growth and short lives, are particularly 
sensitive to environmental conditions, and can exhibit large variations in biomass from year 
to year (Rodhouse 2001, Pecl & Jackson 2008). A higher reliance on squid, which are a highly 
variable food resource, could result in years with very low whale abundance as a 
consequence of low food supply (e.g., Jaquet et al. 2003). 




Figure 6.1. Schematic representation of habitat use by sperm whales foraging at Kaikōura, as 
suggested by the results from this thesis. Information on sperm whale abundance is derived from 
Somerford (2018). 
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Temporal patterns in the distribution of top predators can influence the strength of trophic 
interactions in their ecosystem (Andrews & Harvey 2013). Differences in habitat use and 
abundance of sperm whales are therefore likely to influence their role in the food web in 
each season. For example, varying rates of feeding on demersal vs pelagic prey, or in the 
Kaikōura Canyon vs the Conway Trough, would clearly exert different pressures on 
different faunal communities, which may have important implications for the deep-sea 
ecosystem at Kaikōura. 
6.2.2. The number of sperm whales at Kaikōura is declining 
While the reasons for the decline in sperm whales remain uncertain, it is likely to reflect a 
shift in distribution away from Kaikōura. Given the large movements of sperm whales, and 
that the study area is only a small part of their range, it is possible that reduced abundance 
at Kaikōura simply reflects a shift to other, perhaps more productive, feeding grounds. So 
why is the decline relevant? There are three main reasons. Firstly, the local decline could be 
a symptom of a more widespread phenomenon impacting food availability, with 
consequences for population fitness. Secondly, the local decline of an apex predator is likely 
to have consequences for the canyon ecosystem. Thirdly, sperm whales are a key attraction 
for tourism at Kaikōura, and whale-watching has played a major role in the economic and 
social development of the region (Curtin 2003). 
Given that sperm whales off Kaikōura comprise the only monitored population in New 
Zealand, it would be surprising if this was the only foraging ground experiencing a decline 
in whales or food resources, especially considering the global effects of climate change on 
cetacean distributions (Simmonds & Elliot 2009, Hazen et al. 2013b). Prey responses to 
changing oceanographic conditions may result in shifted or more variable distributions 
(Perry et al. 2005, Rodhouse 2008). Prey distributions that are less predictable likely increase 
the whales’ travelling time while searching for feeding areas, reducing time spent foraging. 
In addition, the whales may not adapt so easily to new patterns in prey abundance. As a 
species, sperm whales are highly mobile and have diverse feeding strategies, however, clans 
and individuals are thought to develop particular foraging habits (Whitehead & Rendell 
2004). For example, clans tend to maintain their ‘traditional’ movement patterns in spite of 
changing environmental conditions, which can cause them to have lower feeding success 
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(Whitehead & Rendell 2004). This suggests that the whales have limited ability to adapt, and 
that changes in prey distribution could be costly. 
The loss of top predators from marine communities can influence their structure and 
function through top-down interactions (Estes & Duggins 1995, Heithaus et al. 2008, Markel 
& Shurin 2015). Although their natural abundance is low, sperm whales have large energy 
requirements and forage at a high trophic level, on a variety of species, and in different 
habitats throughout the whole water column. Therefore, they are likely to play an important 
role in regulating the canyon’s food web. It is possible that the decrease in their numbers 
could change the dynamics of prey populations, with potential consequences for community 
structure. In addition, by feeding at depth and releasing fecal plumes close to the surface 
(Kooyman et al. 1981, Whitehead 1996), whales act as an ‘upward biological pump’ (Lavery 
et al. 2010, Roman & McCarthy 2010). Nutrients are recycled from the deep and brought to 
the photic zone, where they become available to phytoplankton and bacteria (Roman & 
McCarthy 2010, Roman et al. 2014). The recycling of iron, a limiting micro-nutrient, has been 
considered of particular importance due to its substantial stimulation of carbon production 
by phytoplankton (Lavery et al. 2010, 2014, Smith et al. 2013). This process may be an 
important contribution to the canyon’s productivity. 
6.2.3. Submarine canyons as foraging hotspots for sperm whales 
This study expanded our knowledge on how canyons enhance food availability to deep-
diving top predators. Sperm whales are specialist deep-water hunters. As air-breathers, they 
must balance access to food at depth and oxygen at the surface, which results in regular 
vertical migrations that reduce the time spent foraging (Kramer 1988). Habitats that 
aggregate prey over small spatial scales and provide reliable food resources must be 
advantageous for foraging efficiency. In the Kaikōura Canyon, high levels of phytoplankton 
production (Leduc et al. 2014), possibly enhanced by microbial recycling, appear to sustain 
high pelagic productivity in the ecosystem (Chapter 3). The steep topography of the canyon 
may help to concentrate pelagic organic matter sinking to the seafloor, potentially supplying 
benthic communities with enhanced food resources. In addition, steep slopes appear to 
aggregate mid-trophic-level consumers, and indirectly concentrate organisms through the 
interaction with local currents (Chapter 4). These processes probably help sustain a rich and 
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complex food web, which sperm whales tap into. Lastly, the potential role of distant 
oceanographic features in determining local prey abundance (such as the SAW wisp through 
the Mernoo Saddle; Chapter 5) highlights the importance of large-scale oceanographic 
context in driving canyon productivity. 
Submarine canyons can experience strong seasonal variations in their faunal communities, 
driven partly by changes in thermal stratification, influx of productivity to the seafloor, and 
the particular life cycles of the species that inhabit them (Papiol et al. 2012, 2013, De Leo et 
al. 2018). Seasonal variability in ecosystem structure is certainly the case in the Kaikōura 
Canyon. This appears to provide a temporally dynamic range of foraging opportunities for 
sperm whales, but also food resources that are sensitive to different natural and 
anthropogenic pressures. 
6.3. Implications for management  
The protection of species with wide ranges is especially challenging. The geographic extent 
of the population of sperm whales visiting Kaikōura is unknown, making it difficult to define 
management areas and identify potential threats. This lack of knowledge should not 
preclude protection, even if Kaikōura is only a small part of the whales’ range. In fact, some 
individuals spend months at a time there, suggesting that the area may be core habitat for at 
least part of the population. Given that whaling of sperm whales has ceased, long-term 
preservation of their populations depends partly on the health of prey populations and 
integrity of important habitat. This study identifies oceanographic variability as a potential 
factor contributing to the decline, and highlights the importance of demersal fish, in addition 
to squid, in the whales’ diet. While climate-driven changes in oceanographic conditions 
cannot be managed at a local or short-term scale, it is possible to manage other pressures to 
increase the resilience of marine mammal populations (Simmonds & Elliot 2009). I therefore 
recommend the application of a precautionary approach to managing other potential 
impacts, especially those that could compromise prey, foraging, or important habitat.  
The main local anthropogenic pressures are probably fishing, whale-watching tourism (boat 
and aircraft), and noise pollution from boats and shipping. Commercial fisheries target 
species that are important prey (e.g., hāpuku, ling) and pose a mortality risk to sperm whales 
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through entanglement in fishing gear. Whale-watching tourism targets the whales directly, 
and is more intensive in summer than winter. A moratorium on new whale watching permits 
was established in 2002 by the Department of Conservation and is currently in place. Studies 
on the short-term effects of tourism on sperm whales at Kaikōura have detected changes in 
behaviour, which have been considered to be of little biological significance (Richter et al. 
2006, Markowitz et al. 2011). However, individuals that may have left Kaikōura due to 
disturbance are not there to be studied, so the above research has inevitably focussed on the 
more ‘tolerant’ individuals. Additionally, the cumulative effect of multiple and repeated 
interactions with the same individual – a common occurrence when whale densities are low 
– is not easily assessed. Lastly, noise pollution in general can cause displacement of cetaceans 
and reduce foraging efficiency by interfering with echolocation (Bowles et al. 1994, Aguilar 
Soto et al. 2006, Forney et al. 2017). Given these potential impacts, I suggest the following 
management recommendations:  
(1) Regarding whale-watching tourism: 
- Continuation of the moratorium on whale watching permits for boat and aircraft 
tours, to prevent an increase in the impact on diving and foraging behaviour. 
- Establishment of measures to avoid multiple consecutive encounters with the same 
individual, especially in spring and summer. Voluntary guidelines could be 
developed in conjunction with tour operators (e.g., Whale Watch Kaikoura) and 
management groups (e.g., DOC, Te Korowai). 
- Investigation of the long-term effects of tourism on sperm whales. Given that the 
decline in abundance appears to be occurring during summer, it is important to 
investigate whether the increase in tourism activity is contributing to a displacement 
of whales away from the area. This could be done by exploring the correlation 
between tourism intensity (e.g., number of trips per month, extracted from vessel 
logs) vs relative abundance and/or spatial distribution of whales. 
(2) Regarding commercial fishing: 
- The Hikurangi Marine Reserve provides little meaningful protection for sperm 
whales, with considerable overlap between their distribution and areas where fishing 
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occurs (Chapter 4). Increasing the reserve’s size to cover more of their habitat would 
be beneficial for reducing entanglement risk and possibly competition for prey. 
- Increased observer coverage and more stringent reporting to produce reliable access 
to fisheries data and better understand the distribution and seasonality of targeted 
and by-caught species. 
(3) Regarding noise pollution: 
- Whale Watch Kaikoura, the only boat-based operation targeting sperm whales, 
currently uses waterjet-propelled vessels, which are remarkably quiet underwater 
(Buckstaff 2004, Markowitz et al. 2011). This strategy for minimising noise should be 
maintained for future boat upgrades. It would be beneficial if this option was 
considered by other companies that work in the canyon area (e.g., dolphin-watching 
operations). 
- Re-evaluation of the Kaikōura Marine Management Area could include shifting of 
shipping lanes outside of the Whale Sanctuary (see Fig. 1.1. in Chapter 1) to reduce 
exposure to shipping noise and collision risk. 
Although sperm whales have large ranges and the study area is only a small part of their 
range, this research has shown that submarine canyons provide key foraging habitat for the 
species. Given that that the Kaikōura Canyon is a particularly productive submarine habitat 
(De Leo et al. 2010), its value for the population is likely to be substantial in spite of its small 
size. Areas shown to be preferred habitat (Chapter 4) should be protected from impacts 
affecting prey, food web structure and the whales’ physical habitat (i.e., fishing, vessel noise, 
ship traffic). Specifically, the Kaikōura Canyon, Conway Trough and offshore gullies along 
the 1000 m contour line, should be areas of high priority for protection. The potential effects 
from activities affecting the whales’ foraging behaviour (i.e., anthropogenic noise, tourism) 
should be managed to minimise impact on the population. Overall, increasing the protection 
of sperm whales off Kaikōura would help to ensure their long-term survival in the area. 
Achieving this objective would safeguard their ecological role as top predators, and their 
cultural and economic value for the local community and tourism industry. 
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6.4. Moving beyond this thesis:  future research  
This research highlighted some important considerations for the study of foraging ecology 
of marine top predators in general. The use of long-term monitoring data was key to 
understand inter-annual variability in habitat use, which is essential in the study of long-
lived species, a typical trait of top predators. The identification of individuals (through 
photography of natural marks) was extremely valuable in every analysis included in this 
thesis. It was particularly useful to link stable isotope information to population parameters, 
improve precision of estimates by pooling individual information (e.g., body size, residency 
patterns, isotope values), account for auto-correlation of repeated observations, and enable 
the estimation of abundance and densities of whales foraging in the area. In addition, it was 
advantageous to consider the studied system from a “wide-angle” perspective: sampling 
throughout the year rather than in one season, considering water-column characteristics 
rather than surface only, sampling across a wide range of trophic levels, and analysing 
foraging ecology at a range of temporal scales (i.e., from within-season isotopic 
measurements to inter-decadal patterns in habitat use). Lastly, this study emphasises the 
value of non-invasive research to examine foraging ecology of top predators, and the 
flexibility of small-boat surveys, which achieve substantial research time at lower costs. 
This work has expanded our understanding of the ecology of sperm whales. As with all 
research, however, new questions have evolved and significant knowledge gaps remain. 
Firstly, there is considerable scope to advance the study of the whales’ food web and foraging 
habits at Kaikōura. Information on particular prey species and their seasonal contribution to 
diet remains uncertain, and could be further investigated with more specific biochemical 
tools and more extensive sampling of prey. Sperm whales forage pelagically and demersally 
(Miller et al. 2013a, Guerra et al. 2017), however it is still uncertain how these modes relate 
to different areas, habitats or prey. Diving depths are thought to correlate, at least partly, 
with prey aggregations within the deep scattering layer and benthic boundary layer (Guerra 
et al. 2017). Research on the spatial distribution and seasonal variability in demersal vs 
pelagic foraging would help to better understand the functional drivers of habitat selection.  
A key knowledge gap is how little we know about sperm whale prey, particularly warty 
squid, arrow squid, ling and hāpuku. Further research on the diet, distribution and 
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movements of these species would help us understand how and why their abundance at 
Kaikōura varies seasonally. This is not only relevant for better understanding habitat use by 
whales, but also the ecology and food web of the canyon. Studies of the whales’ foraging 
behaviour would be particularly useful if they were concurrent with prey sampling through 
hydro-acoustic surveys of their distribution and abundance (e.g., Benoit-Bird et al. 2004, 
2008, 2013, Lawrence et al. 2016). Incorporating real-time prey fields into species distribution 
models could greatly expand our understanding of habitat use. In addition, relating 
differences in stable isotope ratios among individuals to differences in foraging distribution 
may help to link diet with habitat in a more specific way.  
Due to the expense of boat-based surveys and the availability of boats, research carried out 
by the Marine Mammal Research Group has consistently focussed on two field seasons per 
year (typically November-January and June-July). Given the decline in whale numbers, and 
that spring (September-October) seems to have become a particularly scarce period, it may 
be instructive to extend the research. Autonomous acoustic recorders could be deployed to 
record the presence and relative abundance of whales throughout the year (e.g. Wong & 
Whitehead 2014, Rayment et al. 2018). An important challenge in this would be developing 
a reliable mooring system in an area that is regularly fished.  
I also recommend further study of the ecological significance of thermal boundary layers in 
spring and summer, including water column stratification, oceanic fronts, and the SAW wisp 
through the Mernoo Saddle. Strengthening of stratification throughout November appeared 
to be associated with an increase in the number of sperm whales in the study area (Chapter 
4). This timing also coincides with an increase in the SAW wisp through the Mernoo Saddle 
(Shaw & Vennell 2000), an oceanographic feature partly correlated with whale abundance 
(Chapter 5). Investigating variability in these features in relation to prey aggregations will 
help reveal their potential importance for the canyon’s food web. In particular, changes in 
the timing of these processes could affect predator-prey relationships by decoupling 
important synchronies in food-web dynamics (Sims et al. 2001, Edwards & Richardson 2004). 
A key question concerning the Kaikōura Canyon is what drives its extremely high 
productivity (De Leo et al. 2010, Leduc et al. 2014). Further study on the region’s 
oceanography and food web structure would advance our understanding of this dynamic 
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ecosystem. Of particular interest are potential trophic links for benthic-pelagic coupling and 
the role of the microbial loop in recycling carbon in the food web. 
Kaikōura is one of the few places in the world where sperm whales can be found reliably so 
close to shore. Not surprisingly, most of what is known about this species in New Zealand 
comes from this location. Individuals move in and out of the study area, however, and some 
whales are not sighted for consecutive seasons (Childerhouse et al. 1995, Jaquet et al. 2000). 
Importantly, nothing is known about recruitment: from where, and from which clans, do the 
subadult males that visit Kaikōura come from? Given the local decline in numbers, it is 
important to address two questions: (1) where are the whales when they are not at Kaikōura? 
and (2) what is the state of other populations around New Zealand? The movements of 
sperm whales can be tracked with satellite tags (Block et al. 2011, Mate et al. 2016), however 
there are two important drawbacks to this approach. Firstly, current tag technologies pose a 
risk to the animals, as their attachment system can cause significant damage through tissue 
loss and muscular trauma (Moore & Zerbini 2017). In addition, tags typically remain 
attached for periods of weeks to a few months (e.g., Mate et al. 2016) and have unknown but 
probably important effects on behaviour. This limits the value of the data, as the tracks are 
unlikely to provide robust information on what areas are important habitat, and much of the 
tracking may occur while individuals remain at Kaikōura. Until less invasive tags are 
developed costs to animal welfare probably outweigh the benefits of the data. An alternative 
approach is to carry out large-scale passive acoustic and photo-identification surveys (e.g., 
Whitehead et al. 2008, Pirotta et al. 2011), for example via transects across the 1000 m depth 
contour starting from Kaikōura. Such surveys would be expensive and time consuming. 
Perhaps for now, the most practical way to learn about sperm whales beyond Kaikōura is to 
study other accessible populations. Sperm whales have been found consistently at the Otago 
Canyons during surveys in 2016-2017 (Rayment, unpublished data). Assessing the status of 
this newly described population, its diet, habitat use and potential connectivity with the 
whales of Kaikōura would significantly expand our understanding of the species in New 
Zealand. Lastly, it is important to continue to check for potential matches of ID photographs 
between the Kaikōura Catalogue and other whale sightings or strandings from around New 
Zealand and surrounding regions. 
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6.5. Concluding remarks 
This study has expanded our understanding of the ecology of sperm whales at Kaikōura, 
and draws attention to the rapid change that marine ecosystems are experiencing in modern 
times (Hoegh-Guldberg & Bruno 2010). The Kaikōura Canyon hosts a rich and productive 
ecosystem that is spatially and temporally diverse. The area is a foraging hotspot for sperm 
whales, apex predators which modify their habitat use and diet according to fluctuations in 
food supply. The long-term decline in abundance of whales signals that change is occurring 
within this unique system. Increasing our knowledge on how the whales use their 
environment, and how their habitat has changed over the last three decades will help to 
guide conservation of this population. This will help preserve its ecological role in the 
canyon and maintain its cultural and economic value to Kaikōura.  
This study highlights the value of long-term monitoring studies in understanding change 
within populations of long-lived species. It also shows that much can be learnt about the 
ecology of marine mammals through the use of non-invasive methods. The ecology of deep-
diving odontocetes and their relationship with submarine canyons poses many questions yet 
to be unfolded. The remoteness and difficult access to these intriguing species and 
fascinating habitats mean that our scientific knowledge is limited. An increasing body of 
evidence indicates that they are far from immune to anthropogenic pressures (Fernandez-
Arcaya et al. 2017). A robust understanding of their ecology and susceptibility to impacts is 
the first step to ensure their protection and future wellbeing. 
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Appendix 1. Supporting figures and tables for Chapters 2 and 3.  
 
Figure A1.1. Diagnostic plots for the best GAMMs used to model the response of isotope ratios of 
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Table A1.1. Sources of error in the isotopic values of samples collected at Kaikōura. (1) Effect of lipid 
extraction (lipid free – raw) on the isotopic values and C:N ratios of animal samples; (2) Measured 
duplicate error (√(subsamplea − subsampleb)2) from two aliquots of the same sample. All values are 
means ± 1 SD. Note that the change in δ¹³C after lipid extraction is expected, while the change in δ¹⁵N 
is a source of error as a secondary effect of the lipid extraction process. 
 
1. Effect of lipid extraction    
Sample type n Δ δ¹⁵N (‰) Δ δ¹³C (‰) Δ C:N 
Sperm whale skin 34 ±0.16 ± 0.14 +0.38 ± 0.20 -0.26 ± 0.12 
Squid muscle 27 ±0.51 ± 0.36 +1.63 ± 0.66 -0.56 ± 0.22 
Fish muscle 40 ±0.27 ± 0.13 +0.57 ± 0.61 -0.28 ± 0.41 
     
2. Error measured between duplicate samples   
Sample type n Δ δ¹⁵N (‰) Δ δ¹³C (‰) Δ C:N 
Sperm whale skin 28 0.10  ±  0.10 0.05  ±  0.05 0.03  ±  0.02 
Squid muscle 8 0.16  ±  0.19 0.12  ±  0.12 0.07  ±  0.12 
Fish muscle 8 0.10  ±  0.09 0.05  ±  0.05 0.02  ±  0.02 
Macroalgae 7 0.35  ±  0.30 0.05  ±  0.03 0.28  ±  0.28 
ALL 51 0.14  ±  0.17 0.06  ±  0.07 0.07  ±  0.14 
 
Figure A1.2. Effect of lipid extraction via ASE (accelerated solvent extraction) on (a) δ¹⁵N and (b) δ¹³C 
of sloughed sperm whale skin. The black line represents a simple linear regression, and the dashed 
grey line represents a 1:1 relationship. Sample size = 34. 
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Figure A1.3. Variation in δ¹³C of sperm whales at Kaikōura relative to year, month, sighting frequency, 
body length and sample skin type. Data points represent the raw data used in the GAMMs. Sample 
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Figure A1.4. Variation in δ¹⁵N of sperm whales at Kaikōura relative to year, month, sighting 
frequency, body length and sample skin type. Data points represent the raw data used in the GAMMs. 
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Figure A1.5. Frequency distribution of the mean sighting frequencies of sperm whales at Kaikōura 
(2014-2017). The dashed line indicates a mean sighting frequency of 0.06, equivalent to an average of 
two sightings per field season after correcting for field effort (i.e., number of days of effort). This 
reference value was used as a cut-off to exclude whales with low sighting frequencies from the 
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Table A1.2. Contents of pelagic SPOM collected at Kaikōura from 5m depths. Values are expressed as 
percentages over the total number or area of organic components. Sample size = 6. 
 
 
By number (%) By area (%) 
Unicellular plankton 91 (85-94) 83 (77-91) 
Organic matter particles 9 (5-14) 17 (8-22) 
Diatoms 41 (17-57) 43 (10-54) 
Dinoflagellates 27 (15-36) 13 (9-21) 
Ciliates 13 (9-19) 20 (11-27) 





Figure A1.6. Plankton in SPOM from water samples collected at Kaikōura. Examples of oligotrichid 
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Figure A1.7. Isotopic signatures of surface SPOM (sample size = 25) and macroalgae samples (sample 
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Figure A1.8. Isotopic signatures of primary organic sources at Kaikōura. (a) Macroalgae signatures 
according to site of collection. (b) SPOM signatures according to site of collection. (c) Macroalgae 
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Appendix 2. Supporting figures and tables for Chapter 4.  
Figure A2.1. Correlation between values of temperature, salinity and fluorescence measured by the 
CTD SBE-19 and RBR-concerto. The grey dashed line represents a 1:1 slope with 0 origin. The red line 
in the fluorescence plot is a linear regression, used for the correction equation to transform SBE-19 
fluorescence values. Sample size = 994 (from 10 different casts). 
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Figure A2.2. Comparison of monthly mean chlorophyll-a values obtained from in situ CTD data and 
remotely-sensed satellite data. The satellite data are derived from NOAA’s Aqua-Modis NPP LS3MI 
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Figure A2.3. Spatial variability in oceanographic factors included in the species-distribution models. 
The y-axes show the absolute differences between CTD casts carried out on the same day, while the 
x-axes show the increasing distance between CTD casts. The smoothed splines (and 95% confidence 
bands) are represented by the black broken lines. The vertical red line marks the 2.5 nmi limit within 
which the variability of each factor is considered to be small enough to assume that oceanographic 
conditions are similar. Sample size = 486. ‘T’ = temperature, ‘S’ = salinity, ‘chl-a’ = relative chlorophyll 
a concentration, ‘T 10m’ = T at 10 m depth, ‘S 10m’ = S at 10 m depth, ‘T350’ = T at 350 m depth, ‘S350’ 
= S at 350 m depth, ‘max chl-a’ = maximum chl-a, ‘depth max chl-a’ = depth of the maximum chl-a, 
‘TC depth’ = depth of the thermocline, ‘TC strength’ = variance in T within thermocline.  
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Figure A2.4. Effect of (a) swell and (b) sea state on the detection distance of sperm whales at Kaikōura. 
Error bars are 95% confidence intervals. Sample size = 175 (search stations from which at least one 
sperm whale was detected). 
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Table A2.1. Model selection of winter GAMMs based on data from 2016 and 2017 (including deep-water oceanographic variables), used to explain presence of sperm 
whales foraging off Kaikōura. Metrics of model performance and significance of smooth terms are shown for models with Akaike weights ≥5%. SW = sperm whale 
presence/absence; T = temperature; S = salinity, TC = thermocline; edf = estimated degrees of freedom; ∆AICC = difference in AICC score relative to best model in set; 
wi = Akaike weight (i.e., model probability); adjusted R2 = explained variance; (1|subsite) = random effect included in all GAMMs. Candidate variables included: 
seafloor depth, slope, aspect, surface salinity, temperature at 10 m depth, chl-a maximum, depth of chl-a maximum, temperature at 350m depth, depth of thermocline 
and strength of thermocline. 
Note that although the temperature at 350 m depth is selected by the highest-ranking models, the effect has low statistical significance. Similarly, although there is 
some support for the model including thermocline strength, the effect has low statistical significance, and its inclusion does not increase the explained variance by 
much (0.397 vs 0.393). 
 
 















1 3.58 (p=0.03) 3.72 (p<0.001) 3.49 (p<0.001) 3.46 (p=0.12) - - 
2 3.58 (p=0.04) 3.69 (p<0.001) 3.50 (p<0.001) 3.46 (p=0.16) 1.28 (p=0.15) - 
3 3.48 (p=0.04) 3.68 (p=0.002) 3.39 (p<0.001) 3.54 (p=0.13) - 3.10 (p=0.13) 
Model selection table: 
 
     
Rank Model edf ∆AICc wi Adjusted R2 
1 SW  ~  depth + max chl-a + depth max chl-a + T 350m + (1|subsite) 10 0 0.25 0.393 
2 SW  ~  depth + max chl-a + depth max chl-a + T 350m + aspect + (1|subsite) 11 1.5 0.12 0.423 
3 SW  ~  depth + max chl-a + depth max chl-a + T 350m + TC strength + (1|subsite) 12 2.15 0.09 0.397 
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Figure A2.5. Effect of habitat variables on the presence of sperm whales foraging at Kaikōura during 
winter (based on data from 2016 and 2017 and including deep-water oceanographic variables), 
estimated with the highest-ranking generalised additive model. (a) Seafloor depth, (b) temperature at 
350 m depth, (c) sub-surface chl-a maximum, (d) depth of sub-surface chl-a maximum. The y-axes show 
the smooth function of each variable, with the estimated degrees of freedom in brackets. Shaded areas 
represent 95% confidence intervals of the response. The rug plots represent the x-value of each data 
point. 
Note that the effect of temperature at 350 m on sperm whale presence probability is mostly evident at 
temperatures below 9°C (with a predicted increase in presence for colder temperatures), but the sample 
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Figure A2.6. Correlograms of the residuals of the best fitting models in (a) summer and (b) winter, to 
examine spatial autocorrelation. The y-axis indicates the degree of correlation, with distance (in metres) 
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Figure A2.7. Logistic regression quantile-quantile plots used to check model adequacy for (a) summer 
GAMs and (b) winter GAMMs used in species-distribution models for sperm whales. The green lines 
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Table A2.2. Metrics of model performance of the (a) summer GAMs and (b) winter GAMMs used to predict sperm whale habitat suitability. The tables show the 
results of the validation tests for the best model based on model selection for each pair of years (top three rows), and for all years (bottom row, for comparative 
purposes). TSS = true skill statistic; AUC = area under the receiver operating curve; adjusted R2 = explained variance. Note that the explained deviance cannot be 




          
Model selection 
based on 
















2016, 2017 2016, 2017 2015 depth + slope + Tgrad350 + surS             + surC 23.7 0.239 0.44 na na 0.80 na na 
2015, 2017 2015, 2017 2016 depth + slope + Tgrad350 + surS + S350 27.4 0.285 na 0.32 na na 0.76 na 
2015, 2016 2015, 2016 2017 depth + slope + Tgrad350 + surS + S350 + aspect 31.6 0.317 na na 0.36 na na 0.76 
all years 3x two-year pairs 3x remaining year depth + slope + Tgrad350 + surS + S350 + surC 26.2 0.284 0.49 0.44 0.34 0.82 0.77 0.76 





          
Model selection 
based on 













2016, 2017 2016, 2017 2015 depth + Cmax_D + Cmax                + (1|subsite)  0.362 0.15 na na 0.63 na na 
2015, 2017 2015, 2017 2016 depth + Cmax_D               + aspect + (1|subsite)  0.226 na 0.52 na na 0.75 na 
2015, 2016 2015, 2016 2017 depth + Cmax_D + Cmax + aspect + (1|subsite)  0.328 na na 0.37 na na 0.71 
all years 3x two-year pairs 3x remaining year depth + Cmax_D + Cmax + aspect + (1|subsite)  0.300 0.19 0.45 0.37 0.65 0.76 0.71 
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Table A2.3. Concurvity tests to examine correlation among candidate explanatory variables used in the species-distribution models in (a) summer and (b) winter. 
High correlation values (concurvity index > 0.3) are highlighted in grey. The variance explained by each univariate model (Adj. R2) was used to select the variable with 
most explanatory power among correlated terms. The variables retained in the full model are marked with a * symbol. ‘T’ = temperature, ‘S’ = salinity, ‘TC’ = 
thermocline, ‘chl-a’ = Chlorophyll a concentration. For example, in summer, TC strength and the vertical temperature gradient between the surface and 350 m (T 

































depth * 13.10 - 0.06 0.04 0.02 0.02 0.05 0.10 0.08 0.05 0.02 0.01 0.02 0.01 0.06 0.02 
slope * 0.97  - 0.03 0.01 0.00 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.04 0.01 0.01 
aspect * 1.14   - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
T surface 9.78    - 0.82 0.08 0.05 0.04 0.11 0.06 0.42 0.80 0.10 0.04 0.04 
T 10m  9.74     - 0.07 0.07 0.06 0.07 0.03 0.57 0.91 0.05 0.04 0.04 
T 350m 0.03      - 0.09 0.07 0.87 0.04 0.05 0.09 0.01 0.01 0.02 
S surface * 3.81       - 0.59 0.09 0.00 0.02 0.05 0.02 0.01 0.01 
S 10m 1.05        - 0.08 0.01 0.02 0.04 0.01 0.01 0.03 
S 350m * 0.24         - 0.05 0.09 0.15 0.02 0.01 0.02 
TC depth * 1.13          - 0.07 0.04 0.02 0.02 0.35 
TC strength 7.83           - 0.58 0.04 0.02 0.02 
T gradient 350m * 10.40            - 0.06 0.05 0.06 
chl-a surface * 2.12             - 0.04 0.08 
chl-a max. * 0.06              - 0.02 
depth chl-a max. 0.45               - 
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depth * 16.20 - 0.10 0.07 0.05 0.04 0.12 0.14 0.01 0.04 0.08 
slope * 2.39  - 0.07 0.04 0.04 0.03 0.05 0.02 0.03 0.01 
aspect * 11.90   - 0.02 0.02 0.02 0.02 0.00 0.02 0.02 
T surface 0.62    - 0.90 0.24 0.22 0.02 0.05 0.06 
T 10 m * 1.40     - 0.20 0.21 0.01 0.04 0.04 
S surface * 0.12      - 0.79 0.14 0.24 0.15 
S 10 m 0.09       - 0.11 0.26 0.13 
Chl-a surface 5.62        - 0.51 0.17 
Chl-a max. * 7.13         - 0.07 
depth Chl-a max. * 6.19          - 
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Figure A2.8. Locations of search stations where acoustic-visual surveys for sperm whales started from. 
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Figure A2.9. Temporal variability in (a) daily sperm whale density, (b) vertical temperature gradient 
(surface – 350 m), and (c) surface salinity at Kaikōura over spring/summer (20 Oct – 20 Jan), using 
data from 2015 – 2017. The raw values are represented by circles and the trend is represented by a 
cubic smoothed spline (with a maximum of 4 degrees of freedom). Sperm whale density (SW/nmi) is 
the number of unique whales sighted in a day, standardised by survey effort (distance travelled 
searching for whales, in nautical miles). Temporal variability in vertical temperature gradient and 
surface salinity are shown because these were the two oceanographic variables that were important 
predictors of foraging habitat in summer (i.e., had high relative importance indices) and had the 





n = 95 
n = 278 
n = 278 
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Figure A2.10. Iso-surface maps of (a) surface salinity (n = 896) and (b) vertical temperature gradient 
(surface – 350 m; n = 486) at Kaikōura during summer, based on CTD data pooled over three years 
(2015 – 2017). The panels show the data for the full summer (20 Oct – 20 Jan), as well as at 30-day 
window intervals. Spatial interpolation was carried out in Ocean Data View (Schlitzer 2001) using 
weighted-average gridding. Note that in (a), additional surface salinity data are included, collected 
via CTD casts at the surface (1 m depth) and which were not used in the modelling analysis or shown 
in Fig. A2.9. 
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Appendix 3. Supporting figures and tables for Chapter 5.  
 
Figure A3.1. Model diagnostics for the analysis of sperm whale abundance in relation to 
environmental variables for (a) LMMs in the monthly analysis and (b) GLMs in the summer analysis. 
Plots include: deviance residuals as a function of their theoretical quantiles (Q-Q plot), histogram of 
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Figure A3.2. Temporal auto-correlation function (ACF) plots for best fitting model of (a) monthly 
analysis and (b) seasonal analysis. The dashed lines indicate 95% confidence intervals, beyond which 
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Table A3.1. Summary of effort and monthly estimates of average relative abundance index (AI) of 







Mean AI  
(SD) 
Range AI 
(min - max) 
Nov 1994 1994/95 8 213 3.49 (1.52) 1.09 - 5.55 
Dec 1994 1994/95 15 412 5.53 (2.08) 2.50 - 10.41 
Jan 1995 1994/95 6 217 3.38 (2.35) 0.51 - 6.80 
Nov 1996 1996/97 9 164 3.32 (0.74) 1.86 - 4.05 
Dec 1996 1996/97 13 344 3.63 (2.47) 1.55 - 11.08 
Jan 1997 1996/97 5 58 6.15 (2.30) 3.52 - 9.72 
Nov 1997 1997/98 12 296 3.34 (1.38) 1.97 - 6.48 
Dec 1997 1997/98 10 243 7.73 (2.84) 2.46 - 12.92 
Jan 1998 1997/98 8 269 5.06 (1.73) 2.11 - 7.52 
Nov 1998 1998/99 13 382 4.73 (1.53) 1.50 - 6.93 
Dec 1998 1998/99 8 272 7.11 (3.39) 1.77 - 20.44 
Nov 1999 1999/00 6 79 3.98 (1.78) 1.13 - 7.07 
Dec 1999 1999/00 7 189 5.00 (1.16) 3.34 - 6.36 
Nov 2000 2000/01 9 325 2.19 (1.22) 0.82 - 4.74 
Dec 2000 2000/01 9 267 2.47 (0.79) 1.58 - 3.74 
Jan 2001 2000/01 5 134 3.52 (2.36) 1.70 - 6.95 
Dec 2005 2005/06 11 185 5.59 (2.73) 1.73 - 8.83 
Nov 2006 2006/07 7 129 3.59 (1.59) 1.71 - 6.24 
Dec 2006 2006/07 13 318 3.51 (1.11) 2.19 - 5.24 
Jan 2008 2007/08 5 125 2.86 (2.32) 0.70 - 6.27 
Jan 2014 2013/14 9 238 3.29 (1.87) 1.32 - 6.16 
Nov 2014 2014/15 5 100 1.16 (1.12) 0.00 - 2.43 
Dec 2014 2014/15 6 137 3.01 (1.58) 1.45 - 5.92 
Nov 2015 2015/16 10 229 1.32 (1.21) 0.00 - 3.18 
Dec 2015 2015/16 14 241 3.74 (1.31) 1.87 - 6.76 
Nov 2016 2016/17 7 139 1.23 (1.29) 0.00 - 3.13 
Dec 2016 2016/17 9 187 2.09 (1.53) 0.00 - 5.31 
Jan 2017 2016/17 5 110 1.91 (0.72) 0.99 - 2.91 
Nov 2017 2017/18 17 588 1.31 (1.12) 0.00 - 3.59 
Dec 2017 2017/18 13 367 2.31 (1.03) 0.77 - 4.32 
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A B S T R A C T
The submarine canyon off Kaikōura (New Zealand) is an extremely productive deep-sea habitat, and an im-
portant foraging ground for male sperm whales (Physeter macrocephalus). We used high-resolution archival tags
to study the diving behaviour of sperm whales, and used the echoes from their echolocation sounds to estimate
their distance from the seafloor. Diving depths and distance above the seafloor were obtained for 28 dives from
six individuals. Whales foraged at depths between 284 and 1433 m, targeting mesopelagic and demersal prey
layers. The majority of foraging buzzes occurred within one of three vertical strata: within 50 m of the seafloor,
mid-water at depths of 700–900 m, and mid-water at depths of 400–600 m. Sperm whales sampled during this
study performed more demersal foraging than that reported in any previous studies – including at Kaikōura in
further inshore waters. This suggests that the extreme benthic productivity of the Kaikōura Canyon is reflected in
the trophic preferences of these massive top predators. We found some evidence for circadian patterns in the
foraging behaviour of sperm whales, which might be related to vertical movements of their prey following the
deep scattering layer. We explored the ecological implications of the whales’ foraging preferences on their
habitat use, highlighting the need for further research on how submarine canyons facilitate top predator hot-
spots.
1. Introduction
Submarine canyons are complex topographic features that cross
continental margins all over the globe, connecting the shallow con-
tinental shelves to deep ocean basins (Shepard and Dill, 1966). They are
extremely productive, serving as hotspots of benthic and pelagic bio-
mass and diversity (De Leo et al., 2010; Vetter et al., 2010; van Oevelen
et al., 2011), and are key habitats for top predators, including deep-
diving cetaceans (Yen et al., 2004; Moors-Murphy, 2014). Despite being
globally numerous, submarine canyons are poorly studied, and the
drivers behind their exceptional productivity are not well understood
(De Leo et al., 2010; Moors-Murphy, 2014).
The Kaikōura Canyon, off the east coast of New Zealand (Fig. 1), has
been described as the most productive non-chemosynthetic habitat re-
corded to date in the deep sea (De Leo et al., 2010). It harbours ex-
ceptional biomass of infaunal and epifaunal invertebrates, including
nematodes, and also benthic-feeding fish (De Leo et al., 2010; Leduc
et al., 2012). Furthermore, the presence of many top-predators tar-
geting mesopelagic prey (e.g., Benoit‐Bird et al., 2004; Boren et al.,
2006) suggests that the area hosts a highly productive pelagic system.
The Kaikōura Canyon is also an important year-round foraging
ground for male sperm whales (Physeter macrocephalus) (Childerhouse
et al., 1995; Jaquet et al., 2000), deep-diving predators (Papastavrou
et al., 1989; Watkins et al., 1993) that use echolocation to detect and
locate prey (Møhl et al., 2000; Madsen et al., 2002). Although squid are
their primary food source (Okutani and Nemoto, 1964; Rice, 1989;
Santos et al., 1999), demersal fish appear to be an important component
of their diet in some regions (Martin and Clarke, 1986), including the
Kaikōura/Cook Strait region of New Zealand (Gaskin and Cawthorn,
1967).
Deep-diving predators exploit specialist niches below the photic
zone, where most biomass is concentrated in two vertical bands: the
deep scattering layer (DSL, Johnson, 1948) and the benthic boundary
layer (BBL, Marshall, 1965). The DSL is typically between 200 and
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600 m deep, and is composed of mesopelagic organisms, dominated by
micronektonic fish (Barham, 1966; Hays, 2003), while the BBL com-
prises benthopelagic organisms that move freely on and just above the
sea bed (Angel and Boxshall, 1990). Studies of diving and acoustic
behaviour can reveal which types of prey are targeted by deep-diving
odontocetes (Teloni et al., 2008; Arranz et al., 2011; Miller et al., 2013).
The underwater behaviour of sperm whales has been investigated using
a variety of methods including implanted transponders (Watkins et al.,
1993), archival tags attached via suction cups (Johnson and Tyack,
2003; Watwood et al., 2006; Fais et al., 2015), tags attached with darts
or barbs (Davis et al., 2007; Mate et al., 2016), and passive acoustics
(Thode et al., 2002; Wahlberg et al., 2001; Wahlberg, 2002; Miller
et al., 2013).
Foraging ecology of sperm whales at Kaikōura was first studied in
2007 using a three-dimensional (3-D) passive acoustic array (Miller and
Dawson, 2009; Miller et al., 2013). The study revealed that whales
foraged throughout the water column, with the majority of foraging
buzzes occurring in mid-water at depths of 400–550 m. The Miller et al.
(2013) dataset included 78 recordings of full or partial dive cycles, with
whale identity known for 42 recordings (12 whales). These data were
gathered over one year in the upper portion of the Kaikōura Canyon
and around the Conway Rise (see Fig. 1). The foraging behaviour of
sperm whales in the deeper parts of the canyon, and areas further off-
shore, has remained unstudied.
The abundance of sperm whales feeding at Kaikōura has suffered a
recent decline, from nearly 100 individuals in 1991 to half that number
in 2007 (van der Linde, 2009). With no evidence for direct impacts on
survival, it is possible that the decline has been driven by a change in
distribution away from Kaikōura, potentially reflecting underlying
ecological changes that affect the availability or distribution of their
prey. It is therefore essential to better understand what sustains the diet
of sperm whales and the environmental features which drive their
distribution. Given the extreme benthic biomass of the Kaikōura
Canyon (De Leo et al., 2010; Leduc et al., 2012), and that demersal fish
are known to constitute an important part of the diet of sperm whales in
the region (Gaskin and Cawthorn, 1967), we hypothesise that sperm
whales at Kaikōura are likely to forage extensively near the seafloor.
To address this hypothesis, we attached acoustic multi-sensor tags
(‘Dtags’, Johnson and Tyack, 2003) to sperm whales at Kaikōura. Our
main objective was to investigate which prey layers are targeted by
sperm whales in the Kaikōura Canyon system. We also aimed to identify
circadian patterns in their foraging behaviour, and compare foraging
preferences with other populations and previous observations at Kai-
kōura. We use the findings from this study to better understand how
sperm whales use the different vertical strata in their habitat in order to
meet their high energy requirements.
2. Methods
2.1. Field site and data collection
Field work took place off the Kaikōura coast, New Zealand (42.5°S,
173.8°E; Fig. 1), from February 19 to March 3, 2013 (austral late
summer). The study area covered water depths of 800–1600 m ex-
tending over the main canyon (ca. 20 km from the canyon head) and
adjacent secondary canyons (Fig. 1).
Adult male sperm whales were tagged with high-resolution digital
archival tags (DTag2) to collect acoustic, depth and movement data.
Whales were tracked acoustically while underwater using a hand-held
directional hydrophone (Dawson, 1990), then after surfacing ap-
proached slowly from behind using a 6 m rigid-hulled inflatable boat.
The tag was attached with four suction cups to the dorsal surface of the
whale using an 8 m handheld pole. The tags included a hydrophone, a
depth sensor and three-axis accelerometers and magnetometers
(Johnson and Tyack, 2003). Depth and orientation of the whales was
sampled at 50 Hz, decimated to 5 Hz for analysis, and sounds were
sampled at 96 kHz. When possible, tagged whales were followed vi-
sually from the 56 m M/V (motor vessel) Alucia or from the 10 m RHIB
(rigid-hull inflatable boat) Northwind (tender to Alucia). Whales were
identified prior to tagging via photos of the unique marks (nicks and
notches) along the trailing edge of their flukes, and matched to a photo-
identification catalogue of sperm whales sighted at Kaikōura since
1990. This was done to ensure that the same animal was not tagged
more than once. The tags released after a pre-programmed duration and
floated to the surface where they were located by VHF radio tracking.
All tag data were analysed with custom scripts (M. Johnson, 〈https://
www.soundtags.org/dtags/dtag-toolbox/〉) in Matlab R2013a (Math-
Works).
Fig. 1. The Kaikōura submarine canyon, New
Zealand. The known surface positions of tagged
whales are shown (black circles) together with the
tag ID. Note that whales could not always be fol-
lowed and therefore some of their positions were
unknown. Depth contours show 500, 1000 and
1500 m isobaths.
M. Guerra et al. Deep-Sea Research Part I 128 (2017) 98–108
99
To assess the behavioural reactions of sperm whales to tagging at-
tempts, we recorded whether whales exhibited a startle response (e.g., a
swipe of the flukes), performed a shallow dive (i.e., not lifting flukes),
displayed evasive behaviour by turning and swimming away from the
tagging boat, or performed an early dive. A dive was considered to be
‘early’ if the whale’s time at the surface was<4.5 min, which is half of
the mean surface time recorded for sperm whales at Kaikōura (Douglas
et al. 2005).
2.2. Dive cycle and foraging activity
While diving, sperm whales regularly produce loud broadband
echolocation clicks (known as ‘usual clicks’) to search for prey (Weilgart
and Whitehead, 1988), as well as buzzes (or ‘creaks’) which are as-
sumed to indicate prey capture attempts (Miller et al., 2004; Fais et al.,
2015). Acoustic recordings were examined acoustically and visually
using spectrograms (512 point FFT, Hanning window, 50% overlap) to
locate the start and end of the clicking phase of each dive, and to
identify buzzes. Buzzes were defined as a series of clicks with inter-click
intervals shorter than 0.22 s (Teloni et al., 2008; Fais et al., 2015). An
automatic click finder in Matlab (“findallclicks” by M. Johnson,
〈https://www.soundtags.org/dtags/dtag-toolbox/〉) was used to detect
individual clicks for posterior echo analysis.
To facilitate the interpretation of the whales’ foraging behaviour,
we divided each dive cycle into distinct phases (Fig. 2), based on the
dive profiles and foraging vocalisations (Watwood et al., 2006; Miller
et al., 2013; Fais et al., 2015). The ‘descent’ phase started when the
whale fluked up, and ended with the first decrease in whale depth; this
phase is therefore characterised by a continuous downwards orienta-
tion. The ‘bottom’ phase of the dive followed immediately after the
descent phase and continued until the time when the whale was last
oriented downwards. The ‘ascent’ phase was characterised by a con-
tinuous upwards orientation, starting immediately after the end of the
bottom phase, and finishing at the time of surfacing. The ‘search’ phase
comprised the part of the dive when the whale was producing usual
echolocation clicks. The ‘foraging’ phase of the dive was defined as the
period from the first to last buzz, representing the time when sperm
whales were actively encountering prey. For the specific purpose of
comparing foraging behaviour to that of sperm whales tracked
acoustically at Kaikōura in near-shore waters, we also used an alter-
native definition of ‘bottom’ phase which continued until the whale
became silent on ascent, following Miller et al. (2013).
2.3. Seafloor echoes and distance above the seafloor
Dtags record the sounds emitted by sperm whales, but also any
echoes returning from the sea surface, seafloor or organisms in the
water (Thode et al., 2002; Arranz et al., 2011; Fais et al., 2015). The
distance of a sperm whale above the seafloor (also known as ‘whale
altitude’, Arranz et al., 2011; Fais et al., 2015) was thus obtained from
the echoes generated by the whale’s clicks as they reflected from the sea
bed (Thode et al., 2002; Arranz et al., 2011; Fais et al., 2015). In es-
sence, this method taps into the whales’ sonic perception of their sur-
roundings, eavesdropping on their bio-sonar to collect information that
the whales themselves receive from their physical environment.
Click echoes were automatically identified using a supervised click
and echo detector in Matlab (“d3echotool” by M. Johnson, 〈https://
www.soundtags.org/dtags/dtag-toolbox/〉), and echoes from the sea-
floor were then manually selected using echograms (Fig. 3). Echograms
were constructed by stacking the envelopes of high-pass filtered 2 s
duration sound segments synchronised to each produced click (Johnson
et al., 2004; Arranz et al., 2011; Fais et al., 2015). The high-pass filter
was used to remove flow noise, with a cut-off frequency set to 2 kHz.
These segments enabled detection of seafloor echoes at ranges up to
1490 m from the whale, covering the entire water column within the
research area. Reflections from the seafloor appeared on the echograms
as sequences of echoes with well-defined onset times and slowly
varying delay times from the outgoing click. The two way travel time
(TWT) of each echo from the whale to the closest seafloor surface and
back to the DTag was estimated using a supervised edge detector (re-
solution<500 μs). Whale distance above the seafloor was calculated as
half the TWT multiplied by the speed of sound underwater. An average
speed of sound of 1490 m s−1 was assumed based on the sound speed
profile measured with a CTD to a depth of 550 m in the same area. The
seafloor depth was estimated by adding the whale’s distance above the
seafloor to the whale’s depth.
Fig. 2. Phases of an example foraging dive. The time-depth profile is shown by a blue line
while the whale is silent and a black line while it is producing echolocation clicks. Buzzes
(assumed prey capture attempts) are marked by red dots. Vertical dashed lines define the
start and end of each phase. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 3. Echogram showing sperm whale clicks and echoes reflected from the seafloor.
Each row represents the 2 s envelope of a single outgoing click, with colour representing
sound pressure level. Echolocation clicks appear as well-defined dark red blocks, while
the seafloor echoes appear as thinner yellow segments. The manual selection of the first
five seafloor echoes is indicated by small black circles. In this example the whale is ap-
proaching the seafloor, with its distance above it decreasing from about 200–180 m
within this 30 s interval. The saw-tooth pattern of subsequent clicks reflects a dynamic
inter-click interval as the whale searches for prey at varying ranges. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Seafloor echoes were rarely detected during buzzes due to the low
sound pressure level and high repetition rate of clicks obscuring re-
turning echoes. Whale distance above the seafloor during buzzes was
thus estimated by using a value of seafloor depth obtained via linear
interpolation between the previous and following estimates, as long as
these had been acquired within 120 s of the buzz. With this method we
could not account for the occurrence of irregularities in the seafloor
during the time of interpolation, inevitably adding some uncertainty
around the estimates of whales’ distance above the seafloor during
buzzes.
To evaluate the accuracy of echo-derived distances we compared
the whale’s depth (as recorded by the tag’s pressure sensor) with the
distance from the whale to the surface derived from the TWT of surface
echoes. Whale depths were obtained by both these methods at 40
random times (including all tags), covering depths between 30 and
1130 m. The error in whale depth derived from surface echoes in-
creased with distance to the surface, varying between 1 and 23 m
(mean = 10.8 m) over distances between 30 and 1135 m (mean =
547). In relative terms, the error varied by between 1.0% and 9.1% of
the whale’s depth (mean = 2.3%). For the purpose of this study, we
consider this error to be acceptable.
2.4. Data analysis
Data from all tagged whales were pooled for analysis. Our analysis
focused on foraging dives only, thus excluding shallow dives in which
no usual clicks or buzzes were detected. The depth and duration of each
dive phase was calculated. We also recorded the duration of each buzz
and the inter-buzz interval (IBI, measured as the time between the last
click of a buzz and the first click of the following one) to compare
foraging behaviour at different depths and distances from the seafloor.
To explore circadian differences in foraging behaviour we compared
the characteristics of the buzzes that took place before and after sunset.
Due to the small sample size of recorded night dives, we used this
analysis to identify knowledge gaps and guide research questions rather
than test diel differences empirically.
Due to the low number of dives obtained in this study and its limited
spatial and temporal scope, we limited statistical testing to only a few
relevant comparisons to assess the rates and durations of buzzes. For
these cases we chose a simple confidence-interval approach (Di Stefano,
2004; Foody, 2009), whereby differences in means and 95% confidence
intervals (CI) were used as the measure of magnitude and uncertainty of
each comparison (Di Stefano, 2004). Diagnostic plots (histograms of
residual distributions and normal Q-Q plots) were used to verify as-
sumptions of normality in buzz patterns.
3. Results
3.1. General foraging behaviour
A total of 33.6 h of combined acoustic and movement data were
collected from six successful tag deployments on six different mature
male sperm whales, including 24 complete foraging dive cycles (des-
cent-bottom-ascent) and another four incomplete dives (i.e., in which
the tag came off before the end of the dive) (Table 1). The tag-on-an-
imal times varied between 2.3 and 8.1 h (mean = 5.6). Tagged whales
performed foraging dives with a mean duration of 50 min (range
33–66 min) and a mean bottom-phase depth of 924 m (462–1226 m)
(Table 2). The maximum depth recorded was 1439 m. Whales started
echolocating at a mean depth of 48 m (18–162 m) after a silent descent
lasting on average 34 s (15–109 s). At the end of the dive, whales
stopped clicking at a mean depth of 595 m (303–1272 m), followed by a
silent ascent of 7 min on average (5–14 min). The search phase of the
dive lasted for 42 min on average (27–55 min) while the foraging phase
lasted 33 min (13–48 min).
Between consecutive foraging dives, whales spent on average
15 min at the surface (median 12 min, range 6–41 min). On two occa-
sions, two different whales spent 4.2 and 1.5 h travelling silently, al-
ternating between swimming at the surface and at depths of 10–20 m.
Echoes from the seafloor were detected for a total of 20,911 echo-
location clicks, with the estimated whale distance from the seafloor
varying from 6 to 1418 m. Two general foraging modes were observed,
which we defined as pelagic and demersal (Figs. 4 and 5). Pelagic dives
(n = 8) had a relatively narrow bottom phase at average depths of
either ca. 500 m or 850 m, and at least 50 m from the seafloor (but
typically> 200 m). Demersal dives (n = 12) had a bottom phase at or
near (< 50 m) the seafloor (mean distance from the seafloor = 23 m,
9–44), with variable depth as the whales roughly followed the contours
of the sea bed. In a few dives (n = 4) we observed a combination of
both modes, with part of the bottom phase in mid-water before and/or
after foraging on the seafloor. Both types of foraging were recorded for
all the tagged whales. Regardless of the foraging mode, dives were
bracketed by steep descents and ascents typical of sperm whale dives
(Watkins et al., 1993; Watwood et al., 2006). Whales often foraged
opportunistically in the descents and ascents to/from the bottom phases
of demersal dives, as shown by occasional buzzes during these periods
(e.g., Fig. 4b). Across the 24 complete dives, 57% of the total time of
active foraging was spent within 50 m of the seafloor.
There was a positive and significant correlation between the depth
Table 1
Summary of tag deployments. Only foraging dives are included here, defined by the presence of usual clicks.
Tag ID Date of deployment Start time Programmed tag-on time (h) Tag-on time (h) N dives N complete dives
050a 19-Feb-13 12:09 p.m. 3.0 2.3 3 2
051a 20-Feb-13 11:43 a.m. 3.0 3.7 4 3
056a 25-Feb-13 12:36 p.m. 6.0 8.1 7 7
057a 26-Feb-13 1:00 p.m. 6.0 6.3 2 2
061a 2-Mar-13 4:24 p.m. 6.0 6.8 7 6
061b 2-Mar-13 5:09 p.m. 6.0 6.4 5 4
TOTAL 33.6 28 24
Table 2
Summary of data derived from 28 foraging dives by six tagged sperm whales at Kaikōura.
Sample size (N) varies because the tag detached part way through four of the dives. All
depths are in metres.
N Mean (SD) Median (range)
Search-start depth 28 48 (38) 35 (18–162)
Search-end depth 24 595 (215) 573 (303–1272)
Min depth of bottom phase 24 701 (260) 729 (222–1076)
Max depth of bottom phase 24 1074 (261) 1130 (535–1439)
Mean depth of bottom phase 24 924 (232) 978 (462–1226)
Start depth of bottom phase 28 806 (286) 888 (248–1387)
End depth of bottom phase 24 885 (296) 1000 (474–1396)
Sensu Miller et al. (2013)*:
Min depth of bottom phase 24 560 (194) 511 (222–1061)
Mean depth of bottom phase 24 903 (220) 958 (452–1204)
End depth of bottom phase 24 595 (215) 573 (303–1272)
* Note: The definitions of start and maximum depths of the bottom phased used in this
study are the same as those in Miller et al. (2013).
M. Guerra et al. Deep-Sea Research Part I 128 (2017) 98–108
101
at the end of the search phase (marked by the last echolocation click
during a dive) and the time taken by the whale to resurface from this
depth (r2 = 0.86, p<0.001, n = 24). Although this relationship is
based on a small sample size, it has the potential to be used as a useful
proxy of foraging depth when the time from the last click to surfacing is
known. The correlation between this time interval and the mean buzz
depth during a dive was also positive and significant, but with a much
lower predictive power (r2 = 0.33, p = 0.003, n = 24), and therefore
has less potential as a biologically meaningful proxy.
3.2. Vertical distribution of buzzes
A total of 438 buzzes were detected in 28 foraging phases. The
number of buzzes per dive ranged from 9 to 38, with a mean of 17
(Table 3). Buzz duration had a normal distribution with a mode at
6–8 s, varying from 2 to 50 s. The mean buzz depth per dive was 869 m
(475–1205 m), and whales emitted buzzes at depths between 284 and
Fig. 4. Foraging activity of sperm whales in relation to the seafloor. Time-depth profiles of whales during example pelagic (a), demersal (b), and combined (c) dives. Black lines represent
the portion of the dive when the whale was echolocating, red dots represent buzzes and green dots represent seafloor depths estimated from echo reflections. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Types of foraging dives performed by tagged sperm whales. A histogram of the
mean bottom phase depths for all complete foraging dives (n = 24), distinguishing be-
tween dive types.
Table 3
Summary of buzz depths and distance from the seafloor produced by six tagged sperm
whales at Kaikōura. All depths are in metres.
N Mean (SD) Median (range)
No. of buzzes per dive 24 17 (7) 15 (9–38)
Depth of first buzz 27 611 (208) 511 (284–1033)
Depth of last buzz 24 663 (193) 633 (421–1261)
Min buzz depth 24 549 (156) 496 (284–949)
Max buzz depth 24 1056 (261) 1099 (508–1433)
Mean buzz depth 24 869 (208) 891 (475–1205)
Min buzz distance from the seafloor 24 182 (315) 17 (6–953)
Max buzz distance from the seafloor 24 623 (273) 601 (116–1052)
Mean buzz distance from the seafloor 24 319 (299) 164 (23–997)
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1433 m (Table 3). On average, the first buzz in a dive was made 8.4 min
after fluking up (range 4.7–14.4 min).
Buzz depth had a clear bimodal distribution (Fig. 6a), with one
mode at 850–950 m (accounting for 25% of all buzzes) and a second
mode at 450–550 m (17% of all buzzes). The majority of the buzzes
(71%) occurred at depths greater than 800 m.
Estimates of whale distance from the seafloor were possible via
linear interpolation for 354 out of a total of 438 recorded buzzes. The
remaining 84 buzzes were recorded while the whale was foraging near
the seafloor during times in which seafloor echoes were not detected
within 120 s either side of the buzz. Because whale departures from the
seafloor were always obvious in the echograms and there was no in-
dication of such departures before any of these 84 buzzes, we assumed
that they were performed within 50 m of the seafloor.
Sperm whale buzzes took place at distances from the seafloor
varying from 6 to 1052 m. The distribution of buzz distance from the
seafloor had one clear mode within 50 m of the seafloor (Fig. 6b). The
rest of the buzzes (n = 274) were fairly evenly distributed across dis-
tances between 50 and 1000 m from the seafloor, with perhaps a second
mode at 400–450 m from the seafloor. Following the definition of the
benthic boundary layer (BBL) as extending from the seafloor to 200 m
above it (Angel and Boxshall, 1990), 48% (n = 211) of buzzes occurred
within this layer, indicating a substantial amount of benthopelagic
foraging.
To identify vertical patterns in foraging behaviour more clearly, we
assessed the distribution of buzzes simultaneously across whale depth
and distance from the seafloor. The majority of buzzes fell within one of
three clusters: 37% of all buzzes were produced within 50 m of the
seafloor (depths of 800–1400 m), 35% were in mid-water at depths of
700–1000 m, and 21% were in mid-water at depths of 400–600 m (see
Fig. 7a).
Distance from the seafloor appeared to influence buzz patterns.
Buzzes emitted at or near the seafloor (distance< 50 m) were longer
(mean buzz duration = 15.9 s, range = 2.0–49.7 s, n = 164) than
buzzes emitted at distances> 50 m (mean = 9.0 s, range = 3.2–27.1 s,
n = 274). The rate of buzzes was also different between pelagic and
demersal prey, with longer inter-buzz intervals at the seafloor (mean IBI
= 149.0 s, range = 2–976, n = 164) than in the water column (mean
IBI = 90.5 s, range = 4–471, n = 246). This effect was statistically
significant for both buzz duration and IBI (95% CI of the difference
between means = 5.2–8.6 s and 26.0–90.9 s, respectively). To reduce
the influence of within-individual autocorrelation, we analysed the
patterns in buzz duration and inter-buzz intervals separately for each
whale. There was high inter-individual variability, especially in inter-
buzz intervals. Consistent with the overall trend, five out of the six
tagged whales produced longer buzzes near the seafloor than at dis-
tances> 50 m (Fig. 7a), and four whales produced longer inter-buzz
intervals at the seafloor than in the water column (Fig. 7b).
No surface feeding was observed or recorded during this study. The
minimum buzz depth was 284 m, indicating that no foraging occurred
at or near the surface.
3.3. Day/night patterns in foraging behaviour
Data on foraging behaviour after sunset were available for three of
the tagged whales, comprising seven hours of nocturnal data from nine
dives, with 142 recorded buzzes. Due to the small number of dives
recorded at night, diel patterns in foraging behaviour were only in-
vestigated by comparing depth and distance from the seafloor of
buzzes.
There was some evidence for diel differences in the vertical dis-
tribution of buzzes (Fig. 8a–c). The mode in buzz depth at 450–550 m
was almost exclusively (97%) composed of day-time buzzes, while the
mode at 850–950 m was most evident for night-time buzzes. This diel
variation was most evident in the depths of pelagic buzzes (Fig. 8b,c).
Of the 175 pelagic buzzes recorded during day-time, a large proportion
(41%) were made at depths of 450–550 m, with a smaller proportion
(22%) at 850–950 m (Fig. 8b). In contrast, of the 99 pelagic buzzes
recorded at night, only 2% were made at 450–550 m deep, while the
vast majority (63%) were produced at 850–950 m (Fig. 8c). The mode
in buzz distance from the seafloor at less than 50 m was apparent for
both day-time and night-time buzzes.
3.4. Reaction to tagging attempts and tag deployment
We made 27 close approaches (< 200 m) to sperm whales to at-
tempt a tag deployment, with 8 successful tag attachments. One tag was
never recovered, and another malfunctioned. Behavioural reactions to
the tagging attempt included startles (n = 3), evasive behaviours such
as swimming away from the boat (n = 9), shallow diving (n = 15), and
early diving (n = 8). After shallow diving, whales often resurfaced
within a few minutes. Note that whales could exhibit multiple reactions
during the same tagging attempt. No reaction to a tagging attempt was
recorded on five occasions.
Fig. 6. Vertical distribution of sperm whale buzzes. Histograms of depth (a) and distance from the seafloor (b) of buzzes recorded during foraging phases. Depths are the lower bounds of
50 m bins.
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Fig. 7. Individual patterns of sperm whale buzzes. Mean buzz duration (a) and inter-buzz interval (b) of buzzes recorded during foraging phases. Demersal buzzes (black) include those
produced within 50 m of the seafloor, while pelagic buzzes (white) include those produced above 50 m of the seafloor. Error bars represent 95% confidence intervals (CI), with the *
symbol indicating lack of overlap in the CI of demersal and pelagic buzzes.
Fig. 8. Diel patterns in foraging behaviour of sperm whales at Kaikōura. (a) Buzz depth vs distance from the seafloor, with day buzzes represented by grey triangles and night buzzes by
black circles. (b, c) Histogram of buzz depths recorded during the day (b) and at night (c) for pelagic (light grey,> 50 m from the seafloor) and demersal buzzes (dark grey,< 50 m from
the seafloor). Depths in (b) and (c) are the lower bounds of 50 m bins.
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4. Discussion
This study investigated the foraging behaviour of male sperm
whales over the Kaikōura submarine canyon. While the data are from a
limited period and from only six whales, they provide novel insights
into the use of the water column by sperm whales at Kaikōura. Assumed
prey capture attempts, indicated by buzzes, occurred at all depths
below the epipelagic zone, from ca. 300–1430 m. Depth sensor data and
echoes from the seafloor indicated that sperm whales searched for prey
within three main vertical strata. Demersal prey were targeted when
whales foraged within 50 m of the seafloor (and as close as 6 m) at
depths of 900–1300 m, while mesopelagic prey were hunted in mid-
water at depths of around 500 m and around 850 m. The wide and
multimodal distribution of diving depths by sperm whales is consistent
with previous studies (Teloni et al., 2008; Miller et al., 2013; Fais et al.,
2015). It reflects the flexibility of their long-range sampling strategies
to detect patchy food resources (Fais et al., 2015), and adaptability to
track them down over vast volumes of water.
Average diving and foraging depths in our study were much deeper
(ca. 200–500 m more) than those previously reported for male sperm
whales in Kaikōura (Miller et al., 2013) and northern Norway (Teloni
et al., 2008), and slightly deeper (ca. 100–200 m more) than those in
the Atlantic Ocean, Gulf of Mexico and Ligurian Sea (Watwood et al.,
2006). The drivers of these differences remain unknown, but the deeper
foraging tendencies observed in this study appear to be mostly driven
by the high incidence of foraging at or near the seafloor. Moreover, the
water depths in the areas studied by Teloni et al. (2008) and Watwood
et al. (2006) were generally deeper than those in our research area,
suggesting that the shallower foraging depths recorded in their studies
were not driven by demersal foraging at shallower bathymetries. The
average number of buzzes per dive was almost double those previously
recorded in Norway (Teloni et al., 2008), and similar to those reported
by Watwood et al. (2006), suggesting relatively high prey densities at
Kaikōura.
4.1. Demersal foraging by pelagic predators
The sperm whales tagged in our study spent more than half of their
active foraging time within 50 m of the seabed. Compared to pelagic
foraging, the prevalence of benthic or demersal foraging is generally
reported to be infrequent (Watwood et al., 2006; Miller et al., 2013).
Male sperm whales in the Andøya Canyon (Norway) performed a few
dives to the seafloor, but pelagic foraging was dominant (Teloni et al.,
2008; Fais et al., 2015). The high proportion of demersal foraging found
in the present study suggests that the extreme benthic productivity of
the Kaikōura Canyon (De Leo et al., 2010) plays an important role in
sustaining the diet of these deep-diving predators.
Intriguingly, the high incidence of demersal foraging found in our
study contrasts with the mostly pelagic hunting by sperm whales re-
corded at Kaikōura in a previous study (Miller et al., 2013), in which
only one out of 28 full dives had a bottom phase foraging on the sea-
floor. The whales sampled by Miller et al. (2013) were tracked further
inshore (but only by a few km) and in generally shallower waters than
the whales tagged in the present study. Given the differences in
bathymetry, seasonality, methodology and individual whales sampled,
the study by Miller et al. (2013) and the present one are not directly
comparable. The observed difference, however, raises the question of
why the exploitation of benthic biomass was rare in Miller et al., 2013
(which covered a period of one year), yet so commonplace in the pre-
sent one.
Submarine canyons have complex patterns of topography and hy-
drography, creating heterogenous habitats with strong gradients in
biomass distribution and community structure (McClain and Barry,
2010; Ramirez-Llodra et al., 2010). It is possible that the organisms that
support the demersal component of the sperm whales’ diet are found
mostly in the deeper and lower parts of the canyon, resulting in the
observed inshore-offshore differences in habitat use. On the other hand,
the dominance of pelagic foraging by sperm whales in the upper canyon
might simply reflect a particularly high pelagic productivity there.
Steep slopes – which are more prevalent in the upper Kaikōura canyon –
have been shown to increase the biomass of faunal assemblages by
truncating the vertical distribution of pelagic organisms (Mauchline
and Gordon, 1991; Sutton et al., 2008). Canyon heads and upper slopes
are also known to facilitate aggregations of pelagic zooplankton
(Macquart-Moulin and Patriti, 1996). If pelagic prey are more abun-
dant, or if prey energy density is higher, shallower pelagic dives might
be more economical than deep dives to the seafloor. Further research on
the drivers of habitat use by sperm whales at Kaikōura, with simulta-
neous sampling of prey, is necessary to clarify the observed differences.
4.2. Sperm whale prey
The average inter-buzz interval (IBI), and duration of sperm whale
buzzes were generally different when whales were foraging in mid-
water vs near the seafloor, suggesting that whales might be targeting
different prey types in these two habitats. Although there was some
individual variation, typically longer intervals between buzzes while
foraging within 50 m of the seafloor suggests that prey are more widely
spread in this habitat than in the water column. Longer buzzes for prey
found close to the seafloor might reflect longer chases, perhaps of faster
or more motile prey. Interestingly, previous findings at Kaikōura from
Miller et al. (2013) showed that buzzes near the seafloor had fewer
sharp turns than pelagic ones. It was suggested that whales might line
up slow-moving or unsuspecting prey from a distance. The combined
findings highlight the fact that much of the foraging ecology of sperm
whales remains unknown, but indicate that they have the flexibility to
adjust their hunting tactics to efficiently target a variety of prey types.
The fact that they forage on different prey types is also likely to be
reflected in the multimodal nature of their preferred diving depths.
Further research would be necessary to clarify the energetic balance of
the different prey layers, but it appears that prey at the seafloor are
sparser and require longer (i.e., more energy) to catch, in addition to
being found at greater depths. Perhaps they have a higher caloric value
compared to pelagic prey, outweighing the increased energetic costs to
obtain them.
Although the trophic pathway from the productive benthos to the
prey targeted by sperm whales at the seafloor is unknown, benthope-
lagic fish are a likely candidate to mediate this link. Ling (Genypterus
blacodes) and hāpuku (Polyprion oxygeneios, also known as grouper) are
two fish species common at Kaikōura (Francis, 1979) which are fre-
quent prey for New Zealand sperm whales (Gaskin and Cawthorn,
1967). Ling is a demersal species which feeds primarily on benthic prey,
including macrourid fishes (Clark, 1985), which are extremely abun-
dant in the Kaikōura Canyon (De Leo et al., 2010). Hāpuku have a more
flexible vertical distribution, foraging on demersal and mesopelagic
squid and fish (Nguyen et al., 2015; Tromp et al., 2016). Further studies
are necessary to better understand prey preferences and the relative
contribution of benthic vs pelagic energy sources to the diet of sperm
whales. As sperm whales rarely strand at Kaikōura, precluding stomach
contents analysis, stable isotope analyses (Ruiz-Cooley et al., 2004;
Newsome et al., 2010) might provide useful insights into their trophic
ecology.
The great majority of the available pelagic biomass in deep-sea
systems below the photic zone is found within the DSL, composed of
mesopelagic organisms (Johnson, 1948; Hays, 2003). Many of these
mesopelagic animals undergo a diel vertical migration (Gjøsaeter and
Kawaguchi, 1980) from their day-time depths below the twilight zone
(typically 400–800 m) up to the productive surface waters where they
feed at night in the shelter of darkness. However, some mesopelagic
organisms do not undergo a diel migration and remain in the deeper
parts of the DSL during the night (Childress, 1995; Kaartvedt et al.,
2009). The foraging by tagged sperm whales in Kaikōura at depths of
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400–600 m fall within the typical boundaries of the lower parts of DSLs
reported globally (O'Driscoll et al., 2009; Netburn and Koslow 2015;
Klevjer et al., 2012, 2016). Although simultaneous sampling of sperm
whale behaviour and prey distribution has not yet been attempted at
Kaikōura, at least a fraction of the mesopelagic prey targeted by sperm
whales is likely to be associated with the lower boundaries of the DSL.
Based on stomach contents analysis, the primary prey item of New
Zealand sperm whales are Onychoteuthid squid, and predominantly the
warty squid Onykia ingens (formerly known as Moroteuthis ingens)
(Gaskin and Cawthorn, 1967). Warty squid undergo a gradual onto-
genic migration from epipelagic waters into deeper demersal habitats as
they mature (Jackson, 1997), with depth ranges of 300–1400 m
(Jackson et al., 2000). Adults are demersal at night but appear to mi-
grate vertically into pelagic waters during the day, where they feed on
mesopelagic myctophids associated with the DSL (Jackson et al., 1998,
2000). We found some evidence in this study for circadian shifts in the
foraging depths of sperm whales, and a likely association of pelagic
prey captures with depths typical of lower-DSL boundaries (i.e., ca.
500 m). Warty squid are found at Kaikōura, and mature specimens have
been found floating at the surface with marks consistent with sperm
whale teeth (Guerra, pers. obs.) It seems very plausible that sperm
whales are targeting warty squid during their dives to 400–600 m in
mid-water during the day, and possibly during demersal foraging at
night. Strong associations with the DSL have been shown for many
deep-diving top predators including pilot whales (Abecassis et al.,
2015), elephant seals (Saijo et al., 2016) and Blainville’s beaked whales
(Arranz et al., 2011), for which circadian changes in foraging behaviour
have been associated with changes in the vertical distribution of their
prey.
4.3. Use of Dtags to study sperm whale behaviour
Dtags can provide useful insights into the foraging behaviour of
deep-diving mammals in relation to the seafloor, in addition to pro-
viding night-time behaviour information. They can also offer useful
information on the density of organisms in the water column, by
quantifying the backscatter from animals that are ensonified by the
whales (Arranz et al., 2011). However, they have some limitations –
such as not being able to provide accurate georeferenced locations –
which prevent relating the whales’ foraging behaviour to other relevant
physical characteristics of their habitat. For example, we were not able
to address if demersal foraging was more or less prevalent over parti-
cular topographic features such as canyon slopes. Passive acoustic
studies using three-dimensional arrays (e.g., Wahlberg, 2002; Miller
and Dawson, 2009; Miller et al., 2013) are an alternative research tool,
with the advantage of providing high-resolution georeferenced 3D lo-
cations for relating whale movement and behaviour to their physical
environment.
We found a strong correlation between a whale’s depth at the end of
the search phase and the time taken to resurface, revealing a potential
proxy for foraging depth when the underwater track of a whale is un-
known. The duration of this silent ascent is an easy metric to record
while acoustically tracking a whale. The application of this variable is
however limited to sperm whales foraging individually and it only
provides an estimate of depth for the final phase of a dive. In spite of
these caveats, it could be useful for investigating temporal and spatial
differences in foraging depth between seasons, or for assessing an-
thropogenic impacts on behaviour.
Our observations of sperm whale behaviour during tagging attempts
revealed behavioural reactions to close vessel approaches and tagging.
Tendencies to reduce time at the surface, for example, correspond to
changes expected under a stress response (Richter et al., 2006; Lusseau,
2003). The rate of shallow diving (55% of all approaches) was sub-
stantially higher than the average rate recorded for Kaikōura sperm
whales (6% of 677 approaches, Otago University Marine Mammal Re-
search Group, unpublished data). The fact that sperm whales often
resurfaced within a few minutes after shallow diving suggested that this
was used as an evasive manoeuvre. Although the physiological costs to
the animals are unknown, they are unlikely to be long-lasting. How-
ever, this evidence suggests that sperm whales may experience some
stress from tagging attempts, and that foraging behaviour measured via
attached tags may be modified (Miller et al., 2005, 2009). Passive
acoustic studies (Wahlberg, 2002; Miller et al., 2013) can be used to
study foraging behaviour in detail, with minimal influence on the target
animals. This should be considered when choosing the most appropriate
method to study diving and foraging behaviour.
4.4. Ecological implications of the observed foraging behaviour
The present study has provided useful data for understanding which
strata might be important for foraging sperm whales at Kaikōura.
Oceanographic characteristics of mid-water depths at ca. 500 and
900 m (e.g., temperature, salinity and dissolved oxygen), in addition to
physical aspects of the seafloor (e.g., slope, aspect and sediment type)
would be useful additions to the candidate set of environmental vari-
ables used to investigate the habitat preferences of sperm whales. The
apparent differences in foraging behaviour between inshore and off-
shore habitats at Kaikōura (Miller et al., 2013, present study) provide a
useful framework for future research aimed at understanding intra-
population variability in the spatial distribution of sperm whales.
By feeding at depth and releasing fecal plumes close to the surface
(Kooyman et al., 1981; Whitehead, 1996), whales play an important
role in ecosystem connectivity and enhancing productivity (Lavery
et al., 2010; Roman and McCarthy, 2010; Sutton, 2013). They act as an
‘upward whale pump’, recycling organic carbon and nutrients from the
deep by bringing them to the photic zone, where they become available
to phytoplankton (Roman and McCarthy, 2010; Roman et al., 2014).
The vertical flux of nutrients is particularly great in the case of sperm
whales (Roman et al., 2014), due to their extreme foraging depths and
their uptake of food sources across the entire water column. In Kai-
kōura, where the density of sperm whales has been historically high
(Childerhouse et al., 1995), their contribution to the biological pump
could be an important driver of the canyon’s high productivity. The fact
that abundance of sperm whales at Kaikōura appears to be declining
(van der Linde, 2009), raises questions about whether this productivity
will be sustained. Unexpected responses of coastal ecosystems to an-
thropogenic stressors arise from insufficient knowledge about complex
food web interactions and feedback loops (Doak et al., 2008). It is
therefore essential to better understand food web structures, mechan-
isms and functions. Elucidating the processes that result in the extra-
ordinary biological assemblages associated with submarine canyons is
key to their long-term protection.
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